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I.  PURPOSE. 


1. 


The  purpose  of  this  investigation  is  to  study  the  effects  of  gas 
collisions  on  the  Doppler  vridth  of  microwave  spectral  lines  and  to 
utilize  optical  pumping  to  reduce  exchange  collision  broadening  and  to 
increase  signal  power  for  use  in  atomic  frequency  standards.  The  possi¬ 
bility  of  the  use  of  an  atomic  oscillator  employing  atomic  amplification 
is  also  to  be  Investigated. 

II.  ABSTRACT. 

A  new  method  of  optical  detection  of  the  m^  =  0<->mp  =  0,  =  1 

ground  state  magnetic  hyperfine  transition  in  alkali  atoms^  which  is 
important  for  atomic  frequency  standards  because  of  its  first  order  in¬ 
dependence  of  an  external  magnetic  field,  has  been  investigated  theoret¬ 
ically  and  experimentally  demonstrated  for  rubidium  87.  After  orientation 
by  optical  pumping,  a  quantum  mechanical  superposition  state  is  produced 
by  a  90°  rf  pulse.  A  phase  change  between  m^  =  0  state  and  its  partner 
states  of  the  same  F  value  is  caused  by  a  microwave  field  at  ~  6835  Mc/sec 
coupling  the  two  m^  =  0  states.  This  phase  change  is  converted  into  a 
population  change  by  a  second  rf  pulse  to  yield  a  large  change  in  the 
resonance  scattering  of  the  optical  pumping  light,  on  the  order  of  that 
obtained  by  reversal  of  the  orientation  of  the  vapor. 

Other  methods  of  optical  detection  of  this  resonance  were  studied 
theoretically  and  are  discussed:  selective  hyperfine  absorption  within 
the  gas  cell;  a  rubidium  85  gas  cell  hyperfine  filter;  and  a  polarization 
bridge. 

Wall  coatings  for  the  inhibition  of  spin  relaxation  in  confined 
oriented  vapors  were  studied  experimentally.  It  was  demonstrated  that 
treatment  of  glass  surfaces  with  alkylchlorosilane  vapors  provides  coatings 
at  least  as  effective  as  long  chain  saturated  hydrocarbon  waxes  with  the 


2. 


added  advantages  of  ease  of  application  and  the  ability  to  vdthstand 
baking  under  vacuum  at  ^350°  C  without  deterioration.  The  0<-*0  hyper- 
fine  resonance  in  such  coated  cells  esdiibited  a  reduced  Doppler  width 
(because  of  the  confinement  of  the  atoms)  of  the  same  order  as  that  pro¬ 
duced  by  a  buffer  gas,  and  displayed  a  negative  frequency  shift  of  a  few 
kc/sec . 

Other  subjects  investigated  included  spin  echo  methods  applied  to 
oriented  vapors;  optical  pumping  with  pulsed  light  sources;  the  general 
theory  of  optical  pumping  and  detection;  and  digital  computer  solutions 
of  the  optical  pumping  equations  for  ^2  partial  excited 

state  relaxation. 

III.  PUBLICATIONS.  LECTURES.  REPORTS.  AND  CONFERENCES. 

The  final  report  on  the  microwave  detection  phase  of  this  contract 
was  distributed  in  1957  (see  reference  1  of  the  present  report).  Pub¬ 
lications  and  talks  associated  with  that  phase  of  the  contract  are  in¬ 
cluded  in  the  following  list. 

Publications 

T.  R.  Carver,  "Rubidium  Oscillator  Experiments",  Proceedings  of  the  11th 
Annual  Symposium  on  Frequency  Control,  May,  1957. 
_ ,  "Theoretical  Limits  of  Atomic  Frequency  Control",  Proceed¬ 
ings  of  the  12th  Annual  Symposium  on  Frequency  Control, 

May,  1958. 

_ ,  "The  Use  of  Optical  Pumping  to  Enhance  Microwave  Detection 

of  Doppler  Reduced  Hyperfine  Lines  in  Rb®'^",  Proceedings 
of  the  Ann  Arbpr  Conferences  on  Optical  Pumping,  June,  1959> 


3. 


R.  H.  Dicke,  "Time  Scales  in  the  Structure  of  the  Universe",  Proceedings 
of  the  13th  Annual  Symposium  on  Frequency  Control,  May,  1959. 

C.  0.  Alley,  "Triple  Resonance  Method  to  Achieve  Narrow  and  Strong  Spectral 
lines".  Proceedings  of  the  13th  Annual  Symposium  on  Frequency 
Control,  May,  1959* 

_ ,  "Pulse  Techniques  in  the  Optical  Detection  of  Gro\ind  State 

Resonances  in  Rubidium  8?",  Proceedings  of  the  Ann  Arbor 
Conference  on  Optical  Pumping,  June,  1959. 

R.  H.  Dicke,  "New  Possibilities  for  Fundamental  Experiments  and  Techniques", 
Quantum  Electronics .  Edited  by  C.  H.  Townes  (Columbia  University 
Press,  New  York,  i960). 

C.  0.  Alley,  "Coherent  Pulse  Techniques  in  the  Optical  Detection  of  the  0f-*0 
Ground  State  Hyperfine  Resonance  in  Rubidium  87",  Quantum 
Electronics .  edited  by  C.  H.  Townes  (Columbia  University  Press, 
New  York,  i960). 

R.  H.  Dicke,  "Is  the  Fine  Structure  Constant  Invariant?",  Proceedings  of  the 
14th  Annual  Symposium  on  Frequency  Control,  May,  I96O. 

C.  0.  Alley,  "Wall  Coatings  of  Alkylchlorosilanes  for  the  Inhibition  of 

Spin  Relaxation",  Advances  in  Quantum  Electronics .  edited  by 
J.  R.  Singer  (Columbia  University  Press,  New  York,  1961 ). 

Publication  of  the  material  in  this  report  as  several  separate  papers  is 

anticipated. 

Lectures 

All  of  the  above  papers  were  first  given  as  talks  at  the  symposia  ,  and 

conferences  cited. 

Additional  talks  vdiich  were  not  published  are  given  below. 

T.  R.  Carver,  "Rubidium  Gas  Cell  Experiments",  Proceedings  of  the  10th 
Annual  Symposium  on  Frequency  Control,  May,  1957. 


4. 


T,  R.  Carver,  "Use  of  Optical  Orientation  in  Gas  Cell  Atomic  Standards", 
invited  paper  at  the  Winter  Meeting  on  the  West  Coast  of 
The  American  Physical  Society,  December,  1957  (Bull.  Am. 

Fhys.  Soc.  2,  No.  8,  1957). 

R.  H.  Dicke,  "Optical  Pumping",  invited  talk  at  the  meeting  of  the  National 
Academy  of  Sciences,  April,  1958. 

T.  R.  Carver,  "Use  of  Optical  Orientation  for  Atomic  Clocks  and  Frequency 
Standards",  Colloque  Intemationaux  de  C.N.R.S.  S\ar  la 
Resonance  Magnetique,  Paris,  July,  1958. 

C.  0.  Alley,  "Optical  Pumping,  Atomic  Clocks,  and  Coherent  Pulse  Techniques", 
Physics  Colloquium  of  the  University  of  Pennsylvania,  November, 
1959. 


_,  lectures  on  optical  pumping  in  Physics  572,  Princeton  University, 
Selected  Topics  in  Experimental  Physics,  March,  I960. 

,  "Optical  Pumping,  Atomic  Clocks,  and  Coherent  Pulse  Techniques", 
Raytheon  Research  Laboratory,  March,  I960. 

,  "Optical  Pumping,  Atomic  Clocks,  and  Coherent  Pulse  Techniques", 
Talk  given  to  Physics  Colloquium  at  the  University  of  Maryland, 
May,  i960. 

,  "Optical  I^lmping  and  Atomic  Clocks",  special  Physics  Colloquium 
at  the  University  of  Michigan,  May,  I96O. 

,  "Optical  Pumping"  seminar  at  the  Institute  of  Optics,  University 
of  Rochester,  May,  i960. 


Reports 

R.  H.  Dicke,  T.  R.  Carver,  C.  0.  Alley,  and  N.  S.  Vander  Ven,  Final  Report  on 
the  Microwave  Detection  Phase  of  the  present  contract,  December,  1957  (see 
reference  1  of  this  report). 
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Conferences 

In  addition  to  the  conferences  represented  by  the  above  papers  and  talks 
the  Conference  on  Microvraive  Spectroscopy  at  Duke  University  in  November,  1957 
was  attended  by  C.  0.  Alley  \dio  gave  a  brief  report  on  the  microwave  detection 
phase  of  this  contract. 


IV.  FACTUAL  DATA 

(Sections  I  through  IV  of  the  following  part  of  the  report) 

V.  OVmLL  CONCLUSIONS 

(Sections  V  A  throvigh  V  E  of  the  following  part  of  the  report) 

VI.  RECOMMENDATIONS 

(Section  V  F  of  the  following  part  of  the  report) 
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I.  INTRODUCTION 
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Optical  detection  of  resonances  among  magnetic  substates  of 

the  ground  states  of  atoms  whose  thermal  equilibrium  populations  have 

been  altered  by  the  transfer  of  angular  momentum  from  a  polarized 

beam  of  light — optical  pumping — yields  strong  signals  for  transitions 

among  Zeeman  states  and  for  all  hyperfine  transitions  except  for  the 

magnetic  field  independent  one  (m  =  0  <-->  m  =  0)  which  is  important 

F  P 

for  atomic  clocks.  A  new  method  of  optically  detecting  this  trans¬ 
ition  with  signals  comparable  to  the  others  has  been  developed. 

After  orientation  of  the  atoms  by  optical  pijmping,  an  oscil¬ 
latory  radio  frequency  magnetic  field  pulse  at  the  Larmor  frequency 
is  used  to  introduce  phase  relations  among  the  magnetic  substates. 

A  phase  change  between  the  m  =  0  states  and  the  partner  states  of 

the  same  F  value  is  produced  by  coupling  the  m  =  0  states  by  a 

F 

microwave  field.  This  phase  cheuige  is  converted  into  a  popxilatlon 
change  by  a  second  rf  pulse,  coherent  with  the  first  but  of  opposite 
phase,  yielding  a  large  change  in  optical  absorption. 

This  is  the  main  result  of  the  reseeurch  to  be  described.  How¬ 
ever  as  by  products  of  thi%  research  was  done  on  spin  echo  methods 
in  an  oriented  vapor,  including  Carr-Purcell  Techniques;  on  wall 
coatings  for  the  inhibition  of  spin  releixation;  on  optical  pumping 
with  pulsed  light  soiurces;  and  on  the  theory  of  optical  pumping  and 
optical  detection. 
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A.  Motivation  of  the  Investigation 

Successful  detection  of  the  collision  narrowed  field  in¬ 
dependent  (2,0)  4— ^(IjO)  hyperfine  transition  in  the  ground  state  of 
rubidium  87  by  T.R.  Carver  using  sensitive  microwave  techniques 
combined  with  optical  pumping  of  rubidium  vapor  in  a  buffer  gas  cell 
provided  the  Immediate  basis  for  this  Investigation.  These  researches 
were  based  in  turn  on  earlier  measurements  of  the  ground  state  hjrper- 
fine  splitting  in  atomic  hydrogen  by  J.P.  Wittke  which  first  dem¬ 
onstrated  experimentally  the  technique  of  reduction  of  Doppler  width 
by  collisions  with  buffer  gas  atoms  proposed  by  Prof.  R.H.  Dicke.^3) 

The  work  on  microwave  detection  in  rubidium  also  profited  from  work 
on  the  detection  of  microwave  molecular  resonances  using  coherent  plus 
techniques  by  R.H.  Romer,^^^  from  studies  of  optical  pumping  by  W.B. 
Hawkins,  and  from  an  investigation  of  the  effect  of  a  buffer  gas 
on  optical  pumping  by  P.L.  Bender.  Related  work  done  at  locations 
other  than  Princeton  will  be  discussed  below. 

Optical  detection  seemed  to  afford  a  simpler  means  of  mon¬ 
itoring  the  frequency  dependence  of  microwave  absorption  in  rubidium 
vapor  and  had  indeed  been  considered  briefly  by  Dicke  and  Carver  be¬ 
fore  the  microwave  work  was  started.  An  advantage  beyond  that  of  ex¬ 
perimental  simplicity  is  that  one  detects  a  transition  involving  micro- 
wave  photons  of  ^  3  X  10“^  ev  energy  by  the  use  of  optical  photons  of 
1  ev  energy,  with  a  consequent  improvement  in  signal  to  noise 


considerations . 
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A  more  general  underljring  motivation  for  research  on  atomic 
frequency  standards  has  been  the  desire  to  develop  them  to  a  precision 
that  will  enable  their  use  in  experimental  investigations  of  gravitati¬ 
onal  and  cosmological  questions. 

B.  Survey  of  ^portant  Develoments  in  Optical  Pumping 

and  Optical  Detection  of  Resonances 

There  were  two  independent  paths  leading  to  the  orient¬ 
ation  or  alignment  of  atoms  in  their  ground  states  by  the  absorption 
and  subsequent  emission  of  polarized  optical  resonance  radiation — 
the  technique  that  has  become  known  as  "optical  pumping".  One  ap¬ 
proach  originated  with  the  attempts  of  Prof.  R.H.  Dicke  at  Prince¬ 
ton  to  obtain  polarized  free  electrons. ^7)  a  polarized  first  ex¬ 
cited  state  in  sodium  was  obtained  by  irradiating  the  sodium  vapor 
with  circularly  polarized  resonance  radiation.  While  in  the  excited 
state  the  polarized  electron  was  detached  from  the  sodium  atom  by 
ultra-violet  ionizing  radiation  in  a  manner  presei*vlng  the  spin  state. 
Although  the  measurement  of  the  magnetic  moment  of  these  oriented 
free  electrons  was  not  successful,  the  idea  of  obtaining  ground  state 
orientation  was  suggested  by  the  work.  Experiments  to  demonstrate 
this  were  carried  out  by  W.B.  Hawkins ^^^using  a  sodium  beam.  The 
degree  of  orientation  was  determined  by  studying  the  change  in  the 
ratio  of  (7  to  tt  linear  polarizations  in  the  resonance  radiation 
scattered  at  90**.  The  use  of  an  inert  buffer  gas  to  keep  the  sodium 
atoms  in  the  illuminated  region  for  longer  times,  allowing  the  ab¬ 
sorption  of  more  photons,  and  thereby  enhancing  considerably  the 
degree  of  orientation  achieve4  was  ejqslored  by  P.L.  Bender. 
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The  other  route  to  optical  pumping  began  with  the  euggestion^®®^ 
by  Prof.  F.L.  Bitter  of  MIT  and  diecuseion^®'^^  by  Prof.  A.  Kastler  and 
J.  Brossel  of  The  University  of  Paris  that  magnetic  resonances  in  opti¬ 
cally  excited  states  of  gases  could  be  observed  by  selectively  populat¬ 
ing  the  magnetic  substates  by  the  absorption  of  polarized  radiation 
and  observing  the  change  in  the  polarization  of  the  light  emitted  when 
the  magnetic  substates  are  mixed  by  the  action  of  an  oscillatini';  Jia^- 
netic  field.  This  technique,  which  was  christened  ''double  resonance. ' 
suggested  to  Prof.  Kastler  the  possibility  of  crienting  atoms  in  their 

/g  \ 

ground  states  by  the  method  described  above.'  It  was  he  who  named 
the  technique  'Le  pompage  optique."  An  unsuccessful  first  attempt  to 
demonstrate  this  orientation  was  made  by  J.  Brossel  when  visiting  at 
MIT.  A  successful  demonstration  was  carried  out  in  Paris  by  J.  Winter 
and  B.  Cagnac  (9)  using  a  long  beam  of  sodium  atoms,  illuminated  alon^ 
their  path  by  several  sodium  lamps,  about  the  same  time  as  Hawkins' 
demonstration,  the  orientation  being  observed  by  the  change  in  the 
ratio  of  orthogonal  polarizations  in  the  scattered  light  from  a  prob¬ 
ing  polarized  beam.  Studies  of  the  use  of  buffer  gases  to  enhance 

the  orientation  and  to  enable  the  production  of  orientation  in  sealed 

(10) 

cells  were  ejqjlored  at  Paris  by  C.  Cohen-Tannoudji.  The  observation 
of  Zeeman  resonances  in  the  ground  state  of  oriented  or  aligned  vapors 
by  monitoring  the  change  of  the  ratio  of  polarizations  of  scattered 
light  was  accomplished  by  J.  Blamont,  J.P.  Barrat,  J.  Winter  and  others 
of  the  Paris  group, and  included  multiple  quantum  transitions. 

An  important  advance  was  made  by  Prof.  H.G.  Dehmelt  of 

the  University  of  iVashington  who  pointed  out  that  ground  state  reso¬ 
nances  in  oriented  alkali  vapor  could  be  observed  by  the  change  in  the 
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intensity  of  transmitted  or  scattered  circularly  polarize!  resonance 

2  2 

radiation  if  the  peak  intensities  of  the  Di;  (  ) 


D2:  ( 


P3/2  ) 


lines  were  different. 


ratio  of  these  peak  intensities  is  very  nearly  unity,  as  had  been 


measured  by  Hawkins 


(13) 


for  typical  discharge  conditions,  and  most 


workers  had  assumed  the  ratio  to  be  unity  when  computing  orienta¬ 
tions  from  observations  on  scattering.  It  was  experimentally  dem¬ 
onstrated  by  Dehmelt  that  large  signals  could  be  obtained  for  only 
small  departures  from  unity  of  the  Di/T>2  peak  intensity  ratio,  and 
that  such  departures  could  be  achieved  by  the  passage  of  the  radi¬ 
ation  through  the  vapor,  since  the  absorption  cross-section  for  D2 
is  twice  that  for  Di.  Ihe  use  of  filters  to  suppress  one  of  the  D 
lines  is  thus  desirable,  as  was  emphasized  by  W.  Franzen  and  A.G. 
Qnslle.^^^  Another  consequence  of  unequal  peak  intensities  of  the 
two  D  lines  le  that  an  assemblage  of  oriented  atoms  processing  at 


the  larmor  frequency  in  a  magnetic  field  will  modulate  a  beam  of 

circularly  polarized  light  at  this  frequency.  This  was  also  pointed 

out  by  Dehmelt  and  the  idea  as  experimentally  developed  by  W.E.  Bell 
(15) 

and  Arnold  Bloom  forms  the  basis  of  an  excellent  magnetometer. 


C.  Rroblems  Associated  with  the  Optical  Detection  of  the 
(2.0)4-»(1.0)  Hypsrfine  Transition 

An  examination  of  the  theoretical  transition  probabilities 
associated  with  electronic  dipole  transitions  between  the  (F,  mp  ) 
hyperfine  states  of  the  ground  state  and  those  of  the  and 
^P3/2  first  excited  states  in  an  alkali  atom,  neglecting  such  small 
effects  as  configuration  mixing  (see  Section  II  A  3  and  Appendix  D, 
for  details,  and  also  Figures  1  and  2)  reveals  that  the  absorption 


cross  section  is  the  some  for  the  (2,0)  as  for  the  (1,0)  hyperfine 
state.  (It  is  assumed  here  that  the  nucleus  has  spin  3/2  as  is  the 
case  for  rubidium  87.  Similar  conclusions  hold  for  any  alkali  nucleus 
having  half  integral  spin.)  If  the  peak  intensities  of  the  corre¬ 
sponding  hyperfine  lines  in  the  incident  optical  radiation  are  equal, 
as  is  the  case  for  the  radiation  from  broadened  electrical  discharge 
light  sources,  (see  Section  III,  paragraph  A)  there  will  be  no  ob¬ 
servable  light  scattering  effects  if  the  relative  populations  of 
the  two  states  are  altered  by  an  appropriate  microwave  electromag¬ 
netic  field  coupling  the  two  states.  This  uniform  absorption  prob¬ 
ability  exists  for  the  and  D2  fine  structure  components  individ¬ 
ually  and  for  any  type  of  polarization.  It  results  from  the  symme¬ 
try  properties  peculiar  tom  =0  states . 

F 

If  one  can  alter  the  spectral  composition  of  the  incident 
radiation  by  suppressing  one  of  the  hyperfine  components  associated 
with  the  ground  state  splitting,  then  clearly  there  will  be  a  change 
in  the  light  transmission  or  scattering  vdien  the  (2,0)  and  (1,0) 
states  are  mixed  by  the  microwave  field  and  this  will  afford  a  means 
of  optical  detection. 

The  use  of  optical  interferometry  to  accomplish  the  filter¬ 
ing  of  the  incident  light  will  necessarily  be  associated  with  a  very 
small  solid  angle  in  the  optical  system — too  small  to  give  adequate 
light  flux  for  optical  pumping.  It  should  be  remarked  that  the  sim¬ 
plest  configuration  would  use  the  same  team  of  light  for  both  the  es¬ 
tablishment  of  a  non-thermal  “quiliorium  population  distribution  be¬ 
tween  the  states  in  question  and  for  the  detection  of  the  alteration 
of  this  distribution  by  the  microwave  radiation.  If  one  wished  to 
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use  separate  beams  of  light  perhaps  this  filtering  method  could  be 
Used.  Another  possibility  would  be  to  filter  the  optical  radiation 
after  It  had  passed  through  the  gas  cell.  This  would  also  require 
colllmatlon  and  resulting  rigid  mechanical  tolerances  and  yield  only 
small  fluxes  for  detection. 

Better  optical  filters  can  be  made  from  the  selective  ab¬ 
sorption  In  a  cell  of  xnibldlum  vapor.  The  hyperflne  components  have 
different  scattering  cross  sections  and  there  will  thus  be  filtering 
action  as  the  radiation  passes  through  the  cell.  After  the  Initial 
suggestion  by  R.  H.  Dlcke,  detailed  calculations  were  made  on  this  effect 
(See  Appendix' A).  Diese  showed  that  quite  good  signal  to  noise 
ratios  could  be  obtained.  Experimental  demonstration  of  this  select¬ 
ive  hyperflne  method  of  optical  detection  was  carried  out  for  sodium 
vapor  by  M.  Arditi  at  the  suggestion  of  T.R.  Carver^^^^,  by  W.E. 

Bell  and  A.  Bloom, and  soon  thereafter  for  other  alkalis. 

An  even  better  gas  cell  hyperflne  filter  relies  on  the 
selective  hyperflne  absorption  in  rubidium  85  >dilch  has  a  nuclear 
spin  of  5/2.  Ihe  resulting  shift  In  the  energy  levels  of  the  ground 
state  compared  to  znibldium  87  resulting  from  the  different  multiplic¬ 
ities  is  very  favorable  for  providing  an  unequal  ratio  for  the  inten¬ 
sities  of  rubidium  87  hyperflne  components.  Figure  24  in  Appendix  A 
shows  this  effect  and  further  discussion  Is  given  there.  This  method 
was  Independently  conceived  by  T.  R.  Carver  and'C.  0.  Alley,  by  A. 

Kastler  (private  conftunicatlon  to  M.  Arditi),  and  by  P.  L.  Bender 
The  technique  has  been  used  in  the  optically  pumped,  optically  de¬ 
tected  gas  cell  atomic  clocks  studied  by  several  groups. 
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The  coincidence  of  one  of  the  optical  hyperfine  trans¬ 
itions  in  rubidium  vrith  an  intense  spectral  line  in  the  radiation 
from  a  discharge  in  another  gas  could  be  used  for  altering  the 
thermal  population  difference  of  the  two  hyperfine  states  and  op¬ 
tical  detection  of  the  (2j0}<-> (1,0)  transition.  Such  a  source 
for  cesium  was  found  in  a  line  from  an  argon  discharge,  slightly 

(21) 

shifted  by  an  external  magnetic  field,  by  P.L.  Bander  and  E.C.  Beaty 
A  convenient  similar  source  has  not  been  found  for  rubidium. 

An  optical  polarization  bridge  for  the  sensitive  detect¬ 
ion  of  the  0<->0  resonance  was  explored  theoretically  and  partially 
constructed.  This  allows  the  signal  to  appear  on  a  null  background 
and  utilizes  the  selective  hyperfine  filtering.  It  was  not  pursued 
further  in  view  of  the  more  interesting  approach  discussed  in  the 
next  paragraph.  The  polarization  bridge  is  described  in  Appendix  B. 

D.  A  New  Method  of  Optical  Detection;  Phase  Destruction 

Using  Coherent  Pulse  Techniques 

Although  the  methods  discussed  above  work  adequately  well 
the  signals  are  much  weaker  than  the  optical  detection  signals  obtain¬ 
able  from  Zeeman  resonances.  As  a  general  principle  regarding  atomic 
frequency  stabilization,  it  is  often  experimentally  desirable  to  ob¬ 
tain  as  narrow  a  line  as  possible  (See  Appendix  C).  As  lines  are 
narrowed  by  changing  the  experimental  conditions  this  usually  involves 
a  sacrifice  of  signal  strength.  Thus  it  is  desirable  to  have  a  detec¬ 
tion  method  yielding  as  large  a  signal  as  possible  in  order  that  this 
may  be  sacrificed  in  favor  of  a  narrower  line. 
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In  addition  to  this  type  of  line  narrowing  it  is  also  pos¬ 
sible  to  narrow  a  line  artificially  by  using  two  coherently  phased 

pulses  to  select  only  the  longer  lived  atoms  from  among  those  under- 

(22) 

going  relaxation,  as  has  been  proposed  by  Prof.  R.H.  Dicke.'  '  This 
technique  is  briefly  analyzed  in  Appendix  C. 

The  phase  destruction  method  will  be  fully  described  in 
Section  II  E,  but  the  basic  idea  is  as  follows  (See  Figure  4)*  A 
coherent  quantum  mechanical  superposition  state  of  the  2F  +  1  mag¬ 
netic  substates  of  angular  momentum  F  can  be  formed  by  allowing  an 
rf  pulse  at  the  larmor  precession  frequency  to  act  on  an  oriented 
system  in  a  weak  magnetic  field.  Such  a  state  is  provided,  for  ex¬ 
ample,  by  a  90®  pulse  which  changes  a  system  previously  oriented  by 
optical  pumping  along  the  z-direction  into  a  free  precession  state 

in  the  x-y  plane.  The  in  =  0  state  can  have  its  phase  with  respect 

F 

to  its  partner  states  altered  if  it  is  coupled  to  the  other  m  -  0 

F 

hyperfine  state  by  a  microwave  field  of  the  appropriate  polarization 
and  frequency.  The  original  superposition  state  is  now  altered  and 
if  an  Inverse  90°  pulse  is  applied  the  result  will  not  be  the  orig¬ 
inal  oriented  state  but  something  quite  different.  If  the  phase 
alteration  had  not  occurred,  an  inverse  90°  pulse  would  exactly  re¬ 
produce  the  original  oriented  state  (neglecting  relaxation  effects). 
The  populations  in  this  final  state  are  quite  different  from  those 
in  the  original  oriented  state  and  this  leads  to  a  markedly  differ¬ 
ent  optical  absorption.  The  change  is  large  and  of  the  same  order 
as  that  obtained  from  Zeeman  resonances.  This  chamge  will  be  cal¬ 
culated  in  Section  II  E  using  density  matrix  techniques. 
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E.  Invest jgat Ions  of  Other  Toplce 

One  of  the  major  problems  associated  with  the  phase  de¬ 
struction  method  Is  the  Influence  of  magnetic  field  Inhomogeneltles 
on  the  free  precession.  Since  atoms  in  different  parts  of  the  cell 
precess  at  different  frequencies  they  can  get  out  of  phase,  if  the 
inhomogeneltles  are  large,  in  a  time  less  than  the  time  Inteirval 
one  would  like  to  have  between  the  two  90®  pulses.  The  line  width 
of  the  hyperflne  resonance  detected  by  this  means  should  be  essen¬ 
tially  the  reciprocal  of  this  time  interval.  This  type  of  dephas- 

Ing  can  be  avoided  by  the  use  of  spin  echo  techniques,  first  devel- 
(23) 

oped  by  Hahn.  '  These  techniques  were  first  applied  to  optically 
oriented  vapors  in  the  course  of  this  investigation.  A  means  of 
preserving  phase  relations  when  precessing  spins  diffuse  in  an  in¬ 
homogeneous  magnetic  field  by  the  use  of  repeated  180®  pulses  was 

(24) 

developed  by  Carr  and  Purcell;  This  technique  was  also  applied 
to  preceselng  rubidium  atoms  in  a  buffer  gas  during  the  course  of 
this  work. 

One  way  of  avoiding  the  detrimental  effects  of  inhotnog- 
eneous  fields  is  to  average  out  the  effects  by  allowing  the  pre- 
oeseing  atcns  to  move  rapidly  around  in  a  gas  cell  whose  walls  are 
non-relaxing.  If  the  spread  of  precession  frequencies  is  small 
conpared  to  the  reciprocal  of  the  average  transit  time  between  col¬ 
lisions  the  dephaeing  effect  will  be  reduced.  Several  wall  coating 
materials  were  studied.  The  most  useful  result  was  the  demonstration 
that  coatings  obtained  by  treatment  with  alkylchlorosilanes  are 
as  effective  as  long  chain  hydrocarbon  waxes.  They  possess  the  ad¬ 
vantages  of  forming  a  chemical  boiid  with  the  walls  and  therefore  of 
being  bakeatle  without  detericratior.  ar.d  of  being  relatively  easy  to  apply. 
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The  optical  pumping  process  Itself  contributes  to  the 
broadening  of  the  hyperfine  resonance  line  and  to  destroying  the 
phase  relations  that  one  must  preserve  during  the  Interval  between 
the  90“  pulses.  It  is  therefore  desirable  to  cut  the  lights  off 
during  this  interval.  Several  methods  of  doing  this  were  explored 
experimentally.  An  additional  advantage  of  doing  this  is  to  remove 
the  small  shifts  in  the  hyperfine  resonance  frequency  caused  by  an 
unsymmetrical  spectral  distribution  of  the  optical  radiation. 

A  reformulation  of  the  theory  of  optical  pumping  was 
carried  out  and  some  digital  computer  solutions  obtained  for  several 
conditions  of  relaxation  and  pumping  with  radiation  not  previ¬ 
ously  available. 
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II.  THEORY 

In  this  section  some  theoretical  considerations  will  be 
presented  on  optical  pumping  and  on  the  optical  detection  of  reso¬ 
nances  which  have  been  found  useful  In  devising  possible  types  of 
detection  systems  for  the  (  F,  m;p  =  0  — ►(F-1,  =  0  )  ground 

state  hyperflne  resonance  In  alkalis.  The  differential  equations 
governing  the  optical  pumping  dynamics  Including  relaxation  phenom¬ 
ena  are  given  an  explicit  matrix  formulation  and  the  relation  of 
this  to  a  stochastic  approach  of  the  Markov  type  Is  shown.  A  con¬ 
venient  way  of  describing  the  behavior  of  assemblages  of  atomic 
systems  Is  In  terms  of  the  density  matrix  and  appropriate  operators 
to  describe  the  absorption  of  light  In  this  formalism  are  presented 
In  connection  with  the  notion  of  an  effective  oscillator  strength. 
Weak  field  Zeeman  resonances  are  nicely  described  In  terms  of 
rotations  of  higher  spin  systems  using  irreducible  representations 
of  the  rotation  group  and  an  application  of  this  approach  is  made 
to  describe  the  effect  of  rf  pulses.  Using  these  techniques  a 
calculation  of  the  performance  of  the  phase  destructive  method  of 
detection  of  the  hyperflne  resonance  is  given. 

A.  Optical  Pumping 

1.  Other  Theoretical  Descriptions 

A  calculation  of  the  transition  probabilities  for 

(5 ) 

optical  pumping  was  carried  out  by  W.B.  Hawkins  and  R.H.  Dicke 

based  on  the  treatment  of  the  absorption  and  emission  of  resonance 

(25 ) 

radiation  given  by  Heitler.  '  The  contribution  of  interference 

2 

terms  among  the  hyperfine  components  of  the  P  excited  states  of 
sodixjm  23  whose  separations  are  on  the  order  of  ten  times  the 
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natural  line  width  was  shown  to  be  only  a  few  percent  and  was  there¬ 
fore  neglected.  In  the  case  of  rubidium  87,  for  which  the  present 
calculations  were  done,  the  excited  state  hyperfine  splittings  are 
about  a  factor  of  4  greater  than  those  for  sodium  so  that  the  con¬ 
tribution  of  these  interference  terms  can  be  neglected  with  even  less 
error.  (In  the  case  of  atomic  hydrogen,  for  which  no  direct  optical 
pumping  has  yet  been  done,  the  hyperfine  splittings  of  the  Pj  and 

2p  , 

3/2  states  are  much  less  than  the  natural  line  width,  so  that 

such  interference  contributions  will  be  quite  important).  Using 

these  probabilities  the  stochastic  approach  (valid  if  the  absorption 

probability  out  of  each  magnetic  substate  of  the  ground  state  is  the 

same)  was  used  to  compute  expected  orientations  and  alignments  for 

(5) 

various  esq^rimental  situations  by  W.  Hawkind  and  also  by  P.  L. 

Bonder  vrtio  considered  the  question  of  the  mixing  of  the  excited 

hyperfine  states  by  buffer  gas  collisions. 

A  matrix  formulation  somewhat  similar  to  that  described 

(26) 

below  has  been  given  by  C.  Cohen-Temnoudji.  Differential  equations 

adapted  from  the  Bloch  theory  of  magnetic  resonance  have  been  used  by 

Bloom  suid  Bell.^^^^  A  set  of  equations  for  optical  orientation  using 

circularly  polarized  radiation  has  been  given  by  Franzen  and 
(27) 

Qnslle  who  present  also  the  results  of  some  numeral  integrations 
on  the  time  development  of  the  populations. 

(28) 

2.  Notation  in  Relation  to  the  Density  Matrix 

Although  the  notationally  consistent  way  of  pro¬ 
ceeding  would  be  to  work  always  with  the  density  matrix  describing 
the  assemblage  of  atoms,  some  departure  from  this  will  simplify  the 
writing  of  the  equations  describing  the  dynamics  of  optical  pumping. 


In  particular  the  diagonal  elements  of  the  6  by  8  density  matrix 
for  the’magnetlc  substates  of  the  ground  state  of.  the  alkali  atom 
represent  the  fractional  populations  of  atoms  In  these  states.  They 
will  be  designated  by  Ni  rather  than  by  and  formed  Into  a  pop¬ 
ulation  column  vector  N.  The  subscript  refers  to  the  (  F,  mp  )  state 
In  the  following  correspondence: 


(F,  mp) 

(1,-1) 

(1,0) 

(1,1) 

(2,-2) 

(2,-1) 

(2,0) 

(2,1) 

(2,2) 

• 

z 

1 

2 

3 

4 

5 

6 

7 

8 

If  one  considers  only  Incoherent  optical  pumping,  In  which  It  Is 

assumed  that  the  absorption  of  optical  radiation  destroys  phase 

relations  among  the  substates,  It  Is  perfectly  legitimate  to  deal 

only  with  the  diagonal  elements  of  the  density  matrix  as  Is  generally 

(29) 

done  In  describing  rate  processes  by  the  "master  equation."  How¬ 
ever  a  more  careful  treatment  containing  the  off-diagonal  elements  Is 
really  called  for,  particularly  since  the  recent  advent  of  coherent 
optical  radiation  from  optical  masers. Techniques  such  as  those 
of  the  present  eiqperiments  should  be  able  to  detect  the  preservation 
of  coherence  during  the  resonance  fluorescence  process. 

3.  Calculation  of  Transition  Probabilities 

When  one  treats  the  incident  optical  radiation  as 
incoherent  (or  better  stated,  when  the  coherence  time  of  the  radiation 
is  much  less  than  the  excited  state  lifetime)  the  treatment  of  Hawkins 
and  Dicke  leads  to  transition  probabilities  which  are  proportional 
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to  the  square  of  the  matrix  elements  of  the  operator  p*A  between 
the  states  in  question,  where  p  in  the  linear  momentum  operator 
and  A  the  vector  potential  of  the  incident  radiation.  (It  is  not 
necessary  to  quantize  the  field  oscillators  for  this  calculation) . 
One  needs  then  the  matrix  elements 


>  P 

1=  /- 

^Ich  can  be  shown  to  be  eqiial  to 


I  >n  tu 


tTJ ) 


where 


^  ~~Z — ■  and  t  is  the  vector  operator  for  position. 


Such  matrix  elements  of  a  vector  operator  between  states  of  definite 
total  angular  momentum  and  z-component  of  angulau:*  momentum  are  well 
known. 3y  moans  of  the  Wigner-Eckart  theorem  they  can  bo 
expressed  as  a  product  of  a  Wigner  3-j  symbol  (essentially  a  Clebsch- 
Grordon  coefficient,  see  Appendix  D)  (  giving  the  mp,mpi 

dependence  and  a  reduced  matrix  element  giving  the  dependence  on 
F  and  F '  ^  .  ,  ,  _ 

represents  ^ 

>  f’ir ,  0 r/=  -  e />;//! 

accordingly  as  (or)  =  -  1,  0,  or  1 

be  expressed  in  terms  of  the  nucleau:*  spin  I  and  the  elec¬ 
tronic  angular  monentum  J  by  means  of  a  Wigner  6-J  symbol  (explained 
in  Appendix  D)  and  another  quantity 


(1) 


7  =H) 


F  I  F 

J'rj 


}  _ _ 

yfTFTT  J 


J-J' 


(2) 
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Tha  quantity  Jj  j'  dapenda  on  tha  orbital  angular  momantum  L 
and  tha  alactron  apln  angular  momantum  S  and  can  ba  a:q>ra88ad  In 
terma  of  a  aimllar  aquation  Involving  a  6-J  aymbol.  For  tha  two 
D  llnaa  In  quaatlon 


2s 


% 


(7947.6a) 


Doi: 


^/2  (7800. 2I) 


ona  flnda  that 


^  -i-  “  rr"  X  i 

*.4.  t  X 


(3) 


axpraaalng  tha  fact  that  abaorptlon  croaa-aactlona  for  radiation 
ara  twica  thoaa  for  radiation. 

Thaaa  axpraaslons  ara  Juat  thoaa  which  laad  to  tha 

(32) 

Hdnl-Kronig  intanaity  ratioa  for  fina  structura  multiplata  in 
tha  casa  of  RuasaUvSaundara  coupling.  Thay  ara  aqually  valid  for 
hyperfina  atmactura  multiplats  since  the  angular  momentum  relation 
F  =  I  +  J  involvaa  the  same  type  of  coupling  as  J  =  S  +  L  in  terms 
of  direct  product  wave  functions. 

Let  us  denote  the  absolute  square  of  these  matrix 


alemants  by 


T.r  =  Id  I  p  '1^)1 


=  / 


4 1 


r  r  * 


(4) 
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(4) 


For  a  particular  type  of  incident  polarization  one  will  have  a  par- 

(O")  (t)  , 

ticular  ^  or  a  linear  combination  of  ^  ^  corresponding  to 

certain  changes  In  mp: 

Denote  by  £  the  unit  vector  describing  the  polarization 
of  A:  A  =  Ae  j  by  k  the  unit  vector  along  the  z-axls,  taken  as 
the  axis  of  quantization;  and  by  1  and  J  the  unit  vectors  along 
the  X  and  y  axes,  respectively.  Then  one  has: 

<T  radiation  '“0  \y 

?  r  (t  .  =P 


^  (r.*'/y)AT  =  r 


CT  ^  radiation  ^ /n,-  ~ 

?  *  (T  -■/)/,-  ^  ? 


(P«  -  ''yiM  =  -  P 


(*■>) 


<T  radiation  (a /n^  =  a„r^-i) 


e  ~  rr  ) 


-  j_ 

/r 


r*>t 


rT  -  J  “  fi'IT  f  *  f^\  P 


(• 


TT  radiation  ■  o) 

The  symbol  (  Q"  }  will  frequently  be  used  in  subsequent  ex¬ 
pressions  to  indicate  the  type  of  polarizations,  (-1),  (0),  (+1) 
standing  for  q""  ,  77  ,  and  T polarizations,  respectively. 

It  is  not  to  be  confused  with  a~  polarization,  >dilch  is  described 
as  a  linear  combination  of  ^^and  T~  polarizations. 

There  is  no  constraint  on  the  chamge  in  mp  for  the  emission 
of  light  by  an  excited  (p,mp)  state  and  can  be  -  1  or  0  for 
electric  dipole  transitions.  The  radiation  emitted  by  such  tran¬ 
sitions  is  best  described  in  terms  of  a  density  matrix  which  includes 
both  the  angular  distribution  and  the  polarization  state. (^3) 
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*  0  • 


i- 


a  ^  rO 


(54) 


/  ^  Co^  ^  d 


•*•”  2-,  -  i"  .' )  ;  •  (-°  i )  ;  -ST-  -  (^  °)  <5'» 

and  6  Is  measured  with  respect  to  the  axis  of  quantization.  In 
these  eiq^resslons,  a  linear  polarization  basis  Is  used  with  one 
direction  In  the  plane  containing  the  propagation  vector  and  the 
z-axls  and  the  other  perpendicular  to  It. 

The  conditional  probabilities  describing  the  transfer 
of  population  among  the  ground  states  may  be  expressed  as 

P'r<cZi(iiA'”-fii,)r 

V  * 

cC  I  T/- 

p(^) 

where  ■  means  the  probability  that  if  the  atom  is  in  state  I 
It  goes  to  state  J  by  absorption  of  radiation  with  polarization 
(<r )  and  emission  of  radiation.  The  Siam  is  over  the  various  acces¬ 
sible  intermediate  excited  states.  Since  the  selection  rules  are 
Included  in  the  calculation  of  the  matrix  elements,  one  can  write 
this  sum  as  a  matrix  product.  Since  all  types  of  polarization  are 
possible  in  emission,  one  has 


T"''''  =  I  T 


f^) 


(7) 
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P  ^  P  '  ^  '  j 

One  must  normalize  the  row  sums  of  /j-  so  that  ?  '  ~  / 

7  ■/  ‘ 

escpresslng  the  requlr«i0nt  that  an  atom  is  certain  to  find  Itself  In 
some  state.  Such  matrices  are  called  stochastic  by  mathematicians, 

/q  J  \ 

and  play  a  large  role  in  Markov  processes. For  absorption  of 
circularly  polarized  or  D2  radiation  alone,  it  is  not  equally  prob¬ 
able  that  each  of  the  eight  substates  absorb  a  photon.  This  is  shown 
by  the  sum  over  j  being  dependent  on  i  .  However,  one  can  incorp¬ 
orate  this  var3rlng  absorption  probability  into  the  discussion  of  the 
time  rate  of  absorption  to  be  given  below  and  still  talk  of  sto¬ 
chastic  pumping  matrices. 

In  Appendix  D  the  transition  probabilities  are  tab¬ 
ulated  for  both  D]^  and  0^  transitions  for  rubidium  87,  along  with 

the  stochastic  matrices  for  several  kinds  of  optical  pumping. 

(35) 

It  is  worth  stating  certain  sum  rules  >rtiieh 
hold  for  electronic  dipole  transitions,  for  these  are  helpful  in 
visualizing  the  punning  process  and  as  a  double  check  on  calcu¬ 
lations.  Also,  in  some  cases,  one  can  compute  the  transition  prob¬ 
abilities  directly  from  the  resulting  simultaneous  equations. 

The  sum  of  all  transition  probabilities  (Am^  =  -  1  and  0) 
from  an  (  F,Mp}  state  is  the  same  for  each  paarticular  m.^  state  of 
total  angular  momentum  F.  This  holds  both  for  absorption  and 
emission.  That  this  must  be  so  can  be  seen  physically  by  symmetry 
arguments.  An  isotropically  excited  state  will  have  equal  popu¬ 
lations  in  eachmp  state.  There  is  no  reason  for  the  isotropy  to 
change  as  the  atoms  emit  radiation  (assuming  no  preferential  selec¬ 
tion  of  modes  by  a  resonant  cavity  structure)  so  that  the  populations 
must  remain  equal  as  the  atoms  radiate.  This  gives  the  following  znile: 


(r) 


T  ^  J 


(  ''t 


(1) 


is  independent  of  I 


Another  eum  rule  is 
final  states  for  each  type  of  t  mp 
the  type: 


See  Figure  1  for  an  Illustration 
In  Appendix  D. 


that  the  siun  over  initial  and 
transition  is  Independent  of 

is  Independent  of  O' 

'  these  rules.  They  are  derived 


The  second. sum  rule  in  connection  with  the  density 
matrices  for  radiation  given  above  in  equation  (5)  shows  that  an 
Initially  Isotropically  excited  state  emits  unpolarlzed  radiation 
with  no  preferred  direction.  More  details  are  given  In  Appendix 
E  for  an  oriented  or  aligned  excited  state. 

A.  Effect  of  Collisions  In  the  Excited  State  on  the 
Optical  Pumping  Stochastic  Matrices 
If  one  knows  the  appropriate  stochastic  matrix  de¬ 
scribing  the  transfer  of  populations  during  a  collision  one  can 
easily  modify  the  matrices  given  above.  If  is  the  relax¬ 
ation  stochastic  matrix,  the  appropriate  pumping  matrix  is 


There  is  no  accurate  knowledge  of  (  but  as  a  first  approximation 
one  nay  assume  it  to  be  uniform:  “  C  for  each  pair  kl.  The  first 


P 


of  the  above  sum  rules  then  shows  that 


ILLUSTRATING  SUM  RULES 
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where  one  has  put 


77, 


(iniii. 


If  r 

k 


=  A 


(•“J 


^  J  V'’ 


=  B 


independent  of  i  ,  then 


/f  "’oC  e>Q 


and 


4'"  -  T  ■  *V 

by  definition  of  the  etochaetlc  matrix:  /  /  .  <  ~  /  • 

If  /  ,  different  for  each  1  as  in  the 

case  for  t*  {or  t~)  or  pumping,  one  may  etill  define  a  eto¬ 
chaetlc  matrix  "t  provided  a  diagonal  matrix  having  elamente 

ie  introduced  ae  described  in  Section  II  A  6  below. 

It  is  just  this  exietance  of  different  absorption 
cross-sections  for  the  magnetic  substates  of  the  ground  state  that 
allows  orientation  to  be  achieved  in  the  presence  of  large  buffer 

gas  pressures  that  result  in  nearly  complete  mixing  in  the  excited 

(12) 

state.  A  method  of  dealing  with  partial  mixing  is  briefly  de¬ 
scribed  in  Section  II  A  8  and  in  Appendix  £. 

A  more  realistic  assunqptlon  regarding  this  type  of 
relaxation  is  that  the  electron  and  nucleus  are  decoupled  during 
the  collision  which  randomises  the  electron's  angular  momentum, 
leaving  the  spin  of  the  nucleus  unaffected.  Such  relaxation  sto¬ 
chastic  matrices  can  be  constructed  from  a  knowledge  of  the  Wlgner 

(36) 


coupling  coefficients. 
Appendix  D. 


They  are  presented  for  rubidium  87  in 
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5.  Rate  of  Absorption  b£-  Photons 

If  the  beam  of  Incident  radiation  ie  characterized 

X2 

.  y  photone/sec  -cm  -cycle, 

and  the  croae-eection  for  absorption  by  an  atom  is  ^  at 

the  frequency  "V  ,  then  the  rate  of  absorption  of  photons  is  given  by 

•o 

photons  per  sec  per  atom  (9) 

When  the  spectral  width  of  the  light  source  ^  ^  is  several  times 
greater  than  the  Doppler  width  of  the  absorbing  atoms  ^  ^  (This  is 
much  greater  than  the  natural  line  width  ^  ^  )  it  is  a  good 
approximation  to  regard  ly  as  constant  over  the  interval  yAiwe  CT^ 
is  appreciable,  equal  to  its  value  at  the  center  frequency  3^  , 
and  the  e3q>ression  for  P  becones 

r  -  I  (10) 


Now  it  is  a  result  of  the  theory  of  the  interaction  of  electromag¬ 


netic  radiation  with  matter. 


(37) 


that 


I 


I 

^  7T  e 


c 


r  ►  € 


>0/ 


(11) 


where 

and  i  and  k 
respectively. 


/r  i,  "  Ex 


characterize  the  initial  and  excited  states 


* 


It  is  convenient  to  define  an  oscillator  strength  \diich 


characterizes  the  strength  of  the  absorption  by  the  definition 

i-l"’ 

t 


so  that  we  obtain 


^  V  ^  TT  C,  /, 


(12) 

(13) 


where 


r. 


is  the  classical  radius  of  the  electron.  When  the  natural 


line  width  ^  ^  much  less  than  t\l ,  the  Doppler  width 

of  the  absorbing  line,  the  convolution  of  the  two  yields  for  the  actual 
value  of  ^  the  approximate  escpresslon 


U ) 4  lip 


(U) 


The  oscillator  strengths  are  proportional  to  the  transition  prob¬ 
abilities  defined  earlier,  since  the  hyperfine  splittings  are  com¬ 
pletely  negligible  vhen  compared  to  the  optical  transition  frequency, 

so  that  has  essentially  the  same  value  for  all  the  ^  . 

n  (^) 

Ihere  will  thus  be  a  for  each  of  the  eight  ground 

substates  which  will  depend  on  the  polarization  of  the  incident  radi- 

_  f- 

ation.  It  is  non-uniform  for  exu^le  for  radiation  if  the  peak 

intensities  of  the  Oi  and  D2  lines  are  different.  (See  Figure  2) 

6.  Foraulation  of  t^  Differential  Equations  for  Optical 
Pumping  (An  alteimtive  and  more  detailed  discussion 
is  given  in  Appendix  E) 

The  time  rate  of  change  of  the  population  of  one  of  the 


ground  substates  will  be  the  difference  of  two  terms:  the  rate  of  in¬ 
crease  due  to  the  pumping  process  minus  the  rate  of  decrease  due  to 
absorption  by  the  state  itself.  The  first  term  for  state  J  is 
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v^ere  /J-  is  the  conditional  probability  that  If  an  atom  In  state 


1  absorbs  a  photon,  It  ends  up  In  state  J 
simply 

Thus 


The  second  term  Is 


If  one  defines  a  diagonal  matrix  having  elements  A^>  given  by 

P,  -  P  (16) 

and  having  Tr  ^  ,  so  that  P-il  then  the  equation 

’  P  ^ 

becomes  In  matrix  form,  using  the  transposed  matrix 

N  (17) 


This  Is  the  basic  equation.  If  there  are  several  kinds  of  pumping 
proceeding  simultaneously,  for  example,  non  uniform  spectral  dis¬ 
tribution  among  hyperflne  lines,  imequal  i>eak  intensities  of  and 
D^,  partial  polarizations,  etc.  one  can  add  several  expressions  of 
this  sort.  Similar  terms  can  be  added  to  describe  relaxation  effects 
of  alkali-alkali  collisions  or  vrnll  collisions: 

1)El 

Here  R  Is  the  type  of  relaxation  matrix  discussed  earlier,  6  Is 
diagonal  with  trace  8  and  T  is  aui  average  time  between  collisions 
for  the  atom. 

The  combination  of  two  types  of  pumping  affords  a 
particularly  simple  demonstration  that  pumping  with  a  narrowly  direc¬ 
ted  beam  of  unpolarized  light  results  in  alignment  of  the  atoms  along 

(5) 

the  axis  defined  by  the  beam.  One  may  regard  the  \inpolarized  light  as 
an  equal  mixture  of  cr'*‘and  'T  light  so  that  the  pumping  equation  beccanes 
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HYPERFINE  SUBSTATES  INVOLVED  IN  OPTICAL  PUMPING. 
RELATIVE  ABSORPTION  PROBABILITIES  FOR  RADIATION 
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DgRADIATlON:  BELOW  THE  SUBSTATE 


FIG.  2 
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.  1  r[  -njii  A 


(18) 


,,(*)_  p^'' .  j_  ri 

since  f  ~  '  i  /  for  unpolarized  light  and  where  the  relation 
/(*'  i  ‘  ^  follows  from  the  sum  rules  (See  Appendix  D). 

The  effective  pumping  matrix  is  then 


r  i  (P"‘W"  ) 


(19) 


From  the  matrix  elements  of 


for  (T  pumping  given  in  Section 


II  A  3 


one  notes  that  for  a  possible  transition  either  the  matrix  elements 
of  p^  or  those  of  p^^^^  will  vanish  and  that  the  square  of  the 
coefficient  for  either  of  these  terms  is  Thus  the  pumping  matrix 
for  (T  radiation,  directed  necessarily  at  90*  to  the  axis  of  quan¬ 
tization,  is 


(  r  I 


\ 

2. 


O) 


(20) 


which  is  the  same  as  that  for  the  unpolarized  light  given  in  equation 
(19).  It  is  known  that  '7*  pumping  results  in  alignment,  redistribu¬ 
ting  the  population  towards  -blip  and  -mp  equally. 

It  is  worth  emphasizing  that  the  pumping  matrices  for 
TT  or  (T  radiation  for  0^^  transitions  are  doubly  stochastic,  column 
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sums  as  well  as  row  sums  equalling  unity.  From  the  form  of  the 
equation  for  pumping  It  Is  clear  that  for  a  uniform  Initial  pop¬ 
ulation  distribution  the  time  rate  of  change  will  be  Identically 
zero  and  no  redistribution  of  population  will  result.  The  basic 
reason  Is  that  no  electronic  alignment  In  states  of  electronic 

.  2e. 

angular  momentum  2  Is  possible  and  both  the  ‘^2  z  states 

are  of  this  type.  Greater  efficiency  In  the  use  of  photons  Is 
thus  possible  for  TT  or  r  pumping  by  suppressing  the 
radiation. 

7.  Derivation  of  the  Stochastic  Equations  from  the 
Differential  Equations 
The  solutions  of  the  matrix  equation — 

(a) 

(38) 

can  be  written  formally 

r(  t 

N<tl  =  ^  ~  -  ~  /^(O)  (22) 


If  A  Is  the  unit  matrix,  one  may  rewrite  the  equation  by  expanding 


the  e3q>onentlal  to  yield 


rt 


(rn^ 


(Cl 


(23) 


.h:  0 


which  is  just  a  sum  of  Poisson  distributions  for  the  probability  of 
absorbing  n  photons  in  time  t,  each  photon  absorbed  corresponding  to 
one  action  of  the  matrix  P  on  the  population  vector  N.  This  is  the 
equation  used  in  earlier  work  at  Princeton  to  compute  population  dis¬ 


tributions.  The  relation  to  Markov  processes 


(39) 


is  evident.  If  A  is 
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not  ^  then  it  will  not  in  general  commute  with  P  and  such  an 
approach  is  not  possible. 

8.  Computer  Solutions  of  the  Equations 

To  allow  for  arbitrary  ratios  of  to  D2  light, 
different  amounts  of  mixing  of  excited  states,  and  different  relax¬ 
ation  times  for  ground  state  relaxation  the  equations  have  been  put 
into  a  form  in  which  a  few  numerical  parameters  can  specify  these 
conditions.  They  are  given  for  (T*'  pumping  and  the  subscript  i 
refers  to  or  D2. 


A.  N  = 

tii  ' 


[I 

L  )  f 


(24) 


vdiere 


(25) 


P  is  the  stochastic  pumping  matrix  for  no  mixing  and  ^  is  the 
matrix  for  complete  mixing  as  described  in  Section  II  A 

It  is  shown  in  Appendix  E  that  this  is  the  appropriate 
fom  taken  >dien  uniform  relaxation  occurs  in  the  excited  state,  so 
that  P  =  R  .  The  analysis  there  shows  that 

f  ' 

where  r'  is  the  optical  decay  time  and  T'  is  the  characteristic 
time  between  relaxing  collisions  in  the  excited  state. 
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If  one  Introduces 

r  =  r  ^  p, 

Z  -  rt 

r 


%  - 

Ai.- 

•  fi/ 


f 


r  T 


(26) 


the  equation  bee  ones 


*  fS)  * 

+  f(&-  i)]t! 


(27) 


A  program  for  an  IBM  650  computer  was  prepared  to  yield  integral  curves 
for  the  time  development  of  the  (t)  for  a  set  of  the  pareuneters 
(*>  <ll>  given  in  Appendix  E,  along  with 

a  discussion  of  the  results. 

The  final  equilibrium  distribution  of  the  can  be  ob¬ 
tained  by  solving  the  equations 


J_  /y  -  0  (28) 

elt  " 


for  (oO  ). 


B.  Optical  Detection  by  Intensity  Changes 


1.  Absorption  Equations  and  Effective  Oscillator  Strengths 
One  does  not  have  true  absorption  In  the  attenuation 
of  a  beam  of  resonance  radiation  as  It  travels  through  the  vapor  for  It 
is  re-radiated  in  all  directions.  However,  one  can  neglect  the 
small  amount  re-radiated  in  the  forward  direction  and  deal  with  the 
situation  by  the  equation  (assuming  axial  synmetry) 


-  ^  (1) 

j  * 

for  each  component  of  the  spectral  intensity  distribution  I,/.  ii  is 
the  density  of  atoms  in  the  particular  ground  substate  for  idilch  the 
cross  section  0^'^  i*  defined  according  to  equation  (14)  in  Section 


II  A  5 


r-  '  '  TTC 


I  ^  f  V 


(2) 


which  is  valid  if  the  natural  width  is  small  compared  with  the  Doppler 
width  ^  ^  . 

Under  the  conditions  of  a  weak  magnetic  field  there 
will  be  several  ground  substates  which  contribute  to  the  cross  section 
for  a  particular  spectral  cooqponent  with  oscillator  strengths  /, 
which  will  in  general  be  different  for  each  substate.  (Aider  condi¬ 
tions  where  optical  punning  is  effective  the  populations  of  each  of 
these  substates  will  be  different.  It  is  then  convenient  to  describe 


the  situation  by  an  effective  cross  section  which  is  characterized 
by  an  effective  oscillator  strength  defined  by 
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Since  the  diagonal  elemente  of  the  absorption  matrix  ^  defined 
In  Section  II  A  6  are  proportional  to  the  one  may  write 

^  /V^  fa  ®  4  A  (4) 

i  »■ 

idiere  le  an  appropriate  constant.  For  the  heavier  alkali 
atoms,  frcm  sodium  on,  the  oscillator  strength  for  the  principal 
resonance  line  **5  Is  approximately  unity.  The  small  values 

of  the  oscillator  strengths  for  transitions  to  higher  states  are 
compensated  by  the  negative  contributions  from  lower  states,  al¬ 
though  these  transitions  do  not  occur  since  the  lower  states  are 
occupied,  so  that  the  Thomas-Relche-Kuhn  sum  rule  Is  satisfied: 


The  oscillator  strengths  satisfying  this  rule  are  defined  In  terms 
of  electronic  states.  When  one  considers  the  hyperflne  states  and 
substates,  the  Wlgner-Eokart  decooywsltlon  for  vector  operators 
given  In  Section  II  A  3  enables  one  to  assign  appropriate  oscillator 
strengths  to  the  transitions  between  such  states.  It  should  be 
noted  that  equation  (5)  Is  usually  derived  from  the  comnutatlon  re¬ 
lation  [  Pr  ,  » ]  •  and  Involves  matrix  elements  of  x  . 

Clearly,  the  same  argument  holds  for  y  and  z  ,  so  that  the  Thomas- 
Relche-Kuhn  sum  rule  holds  separately  for  each  type  of  polarization: 
T*  r]  <?*.  This  Is  related  to  the  second  sum  irule  discussed  In 

Section  II  A  3. 

Sometimes  an  average  oscillator  strength  Is  defined 
by  averaging  over  the  Initial  magnetic  substates  and  summing  over  the 
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(35) 

final  ni-8tates.  Such  average  oscillator  strengths  obey  "partial 
f-sum  rules"  which  are  stronger  than  the  Thcnas-Relche-Kuhn  sum 


mile. 


(40,  41) 


2.  Optical  Pumping  and  Absorption  m  a  Function 
ot  Distance  ^  Penetration 

There  Is  selective  filtering  of  the  various  spectral 
components  of  the  radiation  as  It  proceeds  through  the  vapor  cell. 
This  In  turn  affects  the  pumping  process  at  each  distance  Into  the 
cell  so  that  the  density  matrix  and  therefore  is  a  func¬ 

tion  of  the  distance  x  .  This  will  be  the  eltuatlcxi  If  the  alkali 
atoms  are  In  a  buffer  gas  which  restricts  their  motion  so  that  one 
can  have  a  steady-state  population  distribution  depending  on  x  . 
However,  if  one  uses  a  wall  coated  cell  (to  be  discussed  in  Section 
III)  which  allows  the  atoms  to  move  about  freely  in  times  short  com¬ 
pared  to  the  optical  pumping  time  P  ,  complete  spatial  mixing  can 
occur,  resulting  in  the  density  matrix  being  Independent  of  distance. 
However,  there  will  still  be  a  selective  filtering  effect. 

To  solve  equation  (1)  one  must  first  integrate  with 


respect  to  x  ,  noticing  that  can  be  a  function  of  x  and  then 
Integrate  the  resulting  e^qiresslon  torlj")  with  respect  to  u  to 
get  the  total  Intensity 


(6) 
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yAiwt  T^(c)  is  a  Gaussian  distribution.  The  integrand  in 

the  above  integral  must  be  used  in  c<miputlng  the  value  of  photon  ab¬ 
sorption  defined  in  Section  II  A  5  and  the  approximation  made  there 
is  no  longer  appropriate.  The  types  of  integrals  involving  Gaussian 
distributions  arising  in  this  procedure  were  encountered  by  earlier 

researchers  on  resonance  radiation  and  useful  tabulations  of  numerical 

CL2) 

solutions  are  given  in  the  book  by  Mitchell  and  Zsmansky.  An  ap- 
proadmats  solution  of  the  problem  of  sslectlve  hyperflns  absorption 
using  this  approach  is  given  in  Appendix  A. 

A  sliiqplsr  approximate  approach  is  to  assume  all  spectral 
distributiona  to  be  rectangular  with  appropriate  widths  to  account  for 
the  total  area  using  the  peak  intensity  at  the  center  of  the  line. 

Then  (»)  will  retain  the  same  shape  in  the  region  of  absorption. 

Under  this  assumption  one  can  integrate  equation  (1)  with  respect 
to  frequency  before  integrating  with  respect  to  x  ,  and  use  the 
theorem  on  integrated  cross-sections 

eo 

-i  (7) 

trtiere  (r  )  in  the  intensity  per  unit  frequency  at  the  center  of  the 
absorption  line  at  p>osition  x  .  It  is  given  by 


After  Integration,  one  has 

I  rw  =  r  (•) 

K  t 

_Fec  fl  (riJx 

_  Z^J 


(9) 
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One  can  then  proceed  to  calculate  P  (x)  and  obtain  a  set  of  coupled 

non-linear  eqviatlone,  iidien  one  Includes  equation  (17)  of  Section  II 

A  6  and  equation  (4)  of  Section  II  B  Ij  to  describe  the  diagonal 
£ 

density  matrix  ^  ae  a  function  of  position. 

The  general  solution  of  the  position  dependence  of 
optical  pumping  has  not  been  obtained,  but  this  could  be  accomplished 
numerically  with  the  aid  of  a  digital  computer. 

3.  Jlifi  Absorption  Operators 

The  fact  that  one  can  express  the  effective  cross 
section  for  absoirptlon  by  means  of  an  effective  oscillator  strength 


i  7-^# 


(10) 


leads  one  to  search  for  a  general  non-diagonal  operator  ^  which 
could  be  used  to  esqiress  the  absorption  when  phase  relations  among 
substates  are  established  In  the  vapor  so  that  the  off-diagonal  el¬ 
ements  of  the  density  matrix  need  to  be  considered. 

One  way  of  constructing  the  desired  operator  Is  to 
observe  that  the  diagonal  absorption  matrixes  given  in  Section  A 
and  Appendix  D  (See  also  Figure  2)  may  be  written  for  with  simi¬ 
lar  expressions  for  O2. 


=  i  T  tl'  '-f  '  f 


(11) 


The  axis  of  quantization  for  defining  the  states  Is  the  z-axis.  Con¬ 
sider  now  a  density  matrix  for  the  states  describing  an  incoherent 
situation  and  therefore  having  off-diagonal  elements  equal  to  zero. 
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Let  a  beam  of  radiation  of  some  polarization  be  Incident  along  a 
direction  In.  not  coinciding  with  the  z-axla.  The  appropriate 
absorption  operator  is  Just  the  diagonal  >dien  used  with  the 
density  matrix  defined  in  terms  of  states  for  >^ich  k  Is  the 
z-axls .  This  density  matrix  is 


=  UiK)  pi)  0(f:) 


(1^) 


where  ^  ^  is  the  unitary  transformation  of  the  states  corre¬ 

sponding  to  the  change  in  the  axis  of  quantization  (This  is  dis¬ 
cussed  more  fully  in  the  next  section).  The  effective  oscillator 
strength  4,  for  this  beam  will  then  be 

Ch  )  -  -4  77-  ^ 

=  47;  ^  (13) 


Now 


{j'\p!)  F  1/  (!:)  ,  F  -Jt 


(14) 


(43) 


for  a  vector  operator  so  we  obtain  the  following  general  expres¬ 
sions  for  absorption  operators  for  a  beam  of  light  of  specified  po¬ 
larization  and  direction  when  the  states  are  defined  with  respect  to 
the  z-axls 
0,  : 


2  t 


(15) 


=  A 


ri 


D  :  A"  -  LIL  F- 

‘  ~  TT  - 


A"  ^  A 


^  y 


7- 
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4.  Modulation  of  Light  Intensity  by  Larmor  Precession 
The  effect  of  a  90°  pulse  on  an  assemblage  of  atoms 
possessing  orientation  in  the  z-direction  is  to  rotate  the  net  mag¬ 
netic  moment  into  the  x-y  plane  where  it  undergoes  precession  at 
the  Larmor  frequency  about  the  z-axis  if  this  is  also  the  direc¬ 
tion  of  the  magnetic  field.  The  density  matrix  will  possess  off- 
diagonal  elements,  and  a  beam  of  light  with  0“"^  polarization  having 
a  direction  in  the  x-y  plane,  say  x  for  convenience,  will 

be  modulated.  This  is  easily  calculated  in  the  formalism  that  has 


been  developed.  The  appropriate  operator  is 


(16) 


where 


E  = 


/p,  f  ••  ^ 


(17) 


=  t: 


/c 


/T  r  / 


If  one  considers  the  initial  state  to  be  (2,2),  then  by  methods 
involving  rotation  operators  to  be  developed  in  the  next  section, 
the  resulting  wave  function,  containing  only  states  for  F  =  2, 
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and  density  matrix  can  be  computed.  Then  using  the  expression 


Hb 

II 

one  finds 

r  -/f  f  ^  ) 

(18) 

It  is  worth  pointing  out  that  the  phases  are  opposite  for  and 
and  that^  for  this  case,  there  is  100^  modulation  for  the 
radiation.  One  can  use  the  methods  described  In  the  next  several 
sections  to  compute  the  modulation  for  an  actual  Initial  density 
matrix  to  which  all  the  states  contribute.  This  yields 

llfi>  *  t 

ifu  '  ^'•\l  •*  i  ("f.. 

(19) 

I 

°  -  [(fu-  M*  f 

tdiert  the  ^  , i  are  the  diagonal  elements  of  the  initial  density 
matrix. 

Although  the  states  F  =  1  and  F  =  2  precess  in  opposite  direc¬ 
tions  as  shown  in  Section  II  C  1,  the  absorption  coefficients  for  the 
mp  states  vary  in  the  opposite  sense  vdth  increasing  ir.p,  as  shown  in 
Figure  2. 
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C.  naaerlptlon  of  Weak  Field  Zeeman  Reeonancee  as  Rotatloni  of 
Higher  Spin  Systems 

1.  T Armor  Precession  Frequency 

The  gyromagnetic  ratio  S  for  the  ground  states 
corresponding  to  F  =  1  and  F  =  2  can  be  expressed  in  terms  of  the 
ordinary  Land^  g-factor  which  describes  the  first  order  Zeeman 

(44) 

splitting  in  a  weak  magnetic  field  B^.  It  is  given  by 


Y  = 

"K 

with  being  the  Bohr  magnetron  .  9-  is  given  by 

I  Z  c. 


0.  = 


F(F*I)  *  r(T*0 
I  r  *-f~) 


(1) 

(45) 

(2) 


where 

r  iT-fi)  +  US  -  id- 

'/r"  ‘  ^  ^  J  (  j-  y..  /  ) 


(3) 


The  ground  state  of  an  alkali  atom  has  L~0>S  iso 

;,  =  2.  For  rubidium  87,  1  =  3/2,  so  one  obtains 

"  t 

For  electrons^  >diich  have  a  g-factor  of  approximately  2,  the  pre¬ 
cession  frequency  is  about  2.8  Kc/i^auss,  so  that  the  precession 
frequency  will  be  about  700  kc/gauss. 
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It  should  be  noted  that  the  sign  of  the  g-factor  le 
opposite  for  the  two  F  states ^  hence  the  precession  of  these  states 
will  be  In  opposite  directions  at  the  same  frequency.  When  one  In¬ 
cludes  the  higher  oz*der  terms  the  several  states  will  split  differ¬ 
ently  and  there  will  be  several  different  Zeeman  frequencies,  so 
that  these  conclusions  are  not  strictly  correct.  Only  the  weak  field 
case,  defined  by  the  neglect  of  these  higher  terms.  Is  considered 

(W) 

2.  Magnetic  Resonance}  Rabl-Ramsey-Schwlnger  nieorsm 
An  approximation  frequently  used  In  magnetic  res¬ 
onance  calculations  Is  to  consider  a  rotating  magnetic  field  of  con¬ 
stant  amplitude  In  a  plana  perpendicular  to  the  field  B^,  rather 
than  a  linearly  oscillating  field  In  this  plane.  Although  this  lat¬ 
ter  tsrpe  of  field  Is  generally  used  In  practice  because  of  Its  con¬ 
venience,  It  can  be  regarded  as  a  superposition  of  oppositely  ro¬ 
tating  fields.  The  component  rotating  In  the  same  direction  as  that 
of  the  Larmor  precession  of  the  magnetic  mcments  Is  chiefly  effect¬ 
ive  In  tipping  the  moments  when  Its  frequency  coincides  with  the 
Larmor  frequency.  The  oppositely  rotating  component  contributes 
very  little  to  the  motion  and  can  be  neglected.  The  equations  can 
now  be  solved  by  an  elegant  method  using  rotation  operators,  which 
will  be  described.  It  should  be  noted  that  if  one  actually  uses  a 
rotating  field,  it  can  be  made  to  affect  either  the  F  =  1  or  the 
F  =  2  states,  depending  on  the  sense  of  rotation. 

It  may  be  shown  both  in  classical  and  in  quantum 
mechanical  terms  that  if  one  transforms  to  a  coordinate  system 
rotating  with  angular  velocity  u)  there  appears  in  this  system 
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>  ..t  (44)  ' 

an  additional  magnetic  field  y  .  If  ><.<  is  chosen  to  be  equal 
to  -*  y  the  static  field  can  be  transformed  awa7.  When  the  ro¬ 
tating  magnetic  field  is  applied  it  appears  as  a  constant  field 
in  this  frame  of  reference  and  one  may  transform  to  another  system 
rotating  with  angular  velocity  -  to  transform  it  away  also. 

In  this  system  the  interaction  Hamiltonian  vanishes  and  the  states 
do  not  change  in  time.  The  actual  development  In  time  may  be  ob¬ 
tained  by  transforming  back  to  the  original  laboratory  coordinate 
system.  This  is  known  as  the  Rabl-Ramsey-Schwlnger  Theorem. 

3.  Irreducible  Representations  of  the  Rotation  Group 
The  rotation  of  the  coordinate  system  from  co¬ 
ordinates  r  to  coordinates  r  >  /?  r  Induces  a  transformation  ^(£.) 

(48) 

of  the  quantum  mechanical  state  r  according  to  the  definition 

U(£)f<r)  -  (5) 

from  ^dilchCfK)  Is  readily  shown  to  be  unitary.  One  best  defines 

angular  momentum  operators  In  terms  of  the  Infinitesimal  operators 

(49) 

of  the  rotation  group  and  by  Iterating  these  one  arrives  at  the 
following  expression  tor  jj{^ )  for  a  rotation  described  by  the  Euler 
angles  y) 

mg)  =  <■  'Hi  ^  f-}  j c  y.  {1  rf.  )  (4) 


idien  the  y-axis  Is  chosen  as  the  line  of  nodes. 

The  functions  we  are  concerned  with  are  the  eigen¬ 
functions  of  the  operator  for  the  square  of  the  angular  momentum, 

2 

F  ,  vdiich  commutes  with  the  rotation  operator.  Thus  one  must  be 
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able  to  i«rite  the  rotated  etate  ae  a  linear  combination  of  the 
2 

elgenfunctlone  of^ 


The  matrlcee  4^  are  repreeentatlone  of  the  rotation  group  and 
they  may  be  ehown  to  be  Irreducible— that  Is,  that  there  Is  no  sub¬ 
manifold  among  the  functions  that  remains  Invariant  under  all  ro- 

(F ) 

tatlons.  The  matrix  elements  -.1-  ,  are  expressable  as 

"V  "V 


For  the  representation  In  tthlch  Fc  Is  diagonal 


(8) 


=  e 


«x 


4.  Constmictlon  of^(R)  using  the  Spectral  Decompo- 
(52) 

sltlon  Theorem 

There  are  various  methods  for  getting  explicit  ex¬ 
pressions  for  the  elements^  described  In  the  standard  works  on  group 

“•r'^F 

theory,  ^^l)  These  are  very  valuable  for  establishing  relations  but 
are  a  bit  tedious  for  explicit  numerical  evaluation.  A  simple  meth¬ 
od  for  obtaining  the  matrix  ^  for  a  particular  F  was  found 
to  be  use  of  the  spectral  decomposition  theorem  for  operators, 


which  enables  a  function  of  an  operator  to  be  expressed  as  a  sum 
over  the  eigenvalues  of  the  function  with  the  eigenvalue  as  argument 
multiplied  by  the  projection  operator  onto  the  manifold  characterized 


TABLE  2  jD(opo) (Y-AXIS  AS  LINE  OF  NODES  ) 
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by  the  eigenvalue.  This  yields  for  rotations  about  the  y-axls 


(10) 


♦l/r 

v^ere  the  are  projection  operators  onto  the  manifold  charac- 

***“  T 

terlzed  by  the  eigenvalue  mp.  The  may  easily  be  constructed  by 

calciilatlng  the  normalized  eigenvectors  of  F  In  a  representation 

•^y 

with  F  ^  diagonal 


(y) 


(11) 


Then  the  ^^j^^are  the  outer  product  operators  formed  with  these 


(y) 


^  ^  mp  -  rnp 

One  should  remark  that  the  wave  functions  ^  are  written  In  column 
vector  form  whose  elements  eure  the  coefficients  In  an  expansion  In 


a/ 


(13) 


terms  of  eigenstates  of  F^ 

= 

pmi 

It  Is  to  be  noted  that  when  one  represents  a  state  In  this  way  by 
a  column  vector  of  coefflclente  the  rotation  operator  )  applied 
to  the  state  Is  Just  the  ordinary  matrix  product  J^(£)  ^  rather  than 

l«V*-  • 

the  product  with  the  trcuispose  of  as  equatlon(  7)  gives  for  the 

transformation  of  the  states  themselves. 

The  Irreducible  representations  ^^^and^^ ^con¬ 
structed  In  this  way  are  presented  In  Tables  1  and  2. 
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5.  Ifaltary  Tranaformatlona  Induced  by  Pulaea 

Uaing  the  Rabl-Hamaey-Schwlnger  Theorem,  and  e3q)licitly 
neglecting  the  oppoaltely  rotating  term,  the  unitary  tranaformatlon 
Ufi- -t)  giving  the  way  In  \dilch  a  atate  changea  under  the  action  of  an 
oaclUatlng  magnetic  field  2  coaWt  at  right  anglea  to  Bq  applied 
at  t^  and  removed  at  t  can  now  be  given 

Jj  ^j!v  (3^) 

where  the  direction  of  the  rotating  field  B^^  haa  been  taken  to  be 
along  the  y-axia  In  the  rotating  eyatem.  The  matrix  repreaentatlona 
of  the  operator  Jj  for  ~  90®  pulaea  (  Bj^  x  (tj^-t^)  ~ 
are  given  In  Tablea  3  and  4« 

For  180®  pulaea  the  unitary  matrlcea  are  "akew-dlag- 
onal"  beginning  with  +  1  In  the  upper  right  comer  and  alternating 
with  -  1  until  +  1  la  reached  In  the  lower  left  comer. 

6.  Effect  of  Magnetic  Field  Inhomogeneltlea 

The  detection  of  the  0(->0  reaonance  by  the  phase  de- 
atructlon  method,  to  be  more  fully  described  In  Section  II  E,  requires 
that  the  phase  relations  among  the  partner  states  set  up  by  an  Initial 
90®  pulse  be  preserved  among  all  atons  of  the  assemblage  until  the 
second  -  90®  pulse.  These  phase  relations  correspond  to  free  pre¬ 
cession  In  the  x-y  plane  at  the  Larmor  frequency.  It  is  apparent 
that  if  the  static  magnetic  field  B^  is  not  laniform  over  the  volume 
of  the  cell  containing  the  vapor,  the  atoms  will  precess  at  different 
rates  and  get  out  of  phase  with  one  another.  One  can  easily  obtain 
a  relation  between  the  fractional  inhomogeneity  and  the 
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phase  spread  after  a  time  tr  .* 

<f  :  d  u>  r  *  x 

i  _  (^5) 

An  allowable  value  of  S  might  be  one  radian.  It  is  clear  fran 
equation  (15)  that  for  a  fixed  value  of  T  the  required  degree  of 
homogeneity  lessens  as  the  field  and  hence  the  frequency  , 

Is  reduced.  At  low  fields >  however,  the  contribution  from  small 
pieces  of  ferromagnetic  material  in  the  laboratory  or  from  Irreg¬ 
ularities  in  shielding  devices  becomes  relatively  greater.  If  one 
wishes  to  have  Z  ■  /di«c  and  s  2fr  *  ^^^radlans/sec,  the  requlre- 
ment  on  ®  one  radian  spread  is  ^ 

The  Inhomogenelty  would  cause  some  of  the  atoms  to 
be  slightly  off  resonance  in  response  to  the  pulse  of  rf  and 
therefore  to  be  tipped  by  slightly  different  angles,  but  this  would 
not  be  serious.  More  deleterious  would  be  a  large  inhomogenelty 
In  the  rf  field  over  the  volume  of  the  cell,  but  even  a  few  per 
cent  spread  in  the  angle  of  tipping  would  not  be  harmful. 

7.  Methods  of  Alleviating  Magnetic  Field  Inhomogeneitiee ; 
Spin  Echo  Techniques  and  Wall  Coated  Bulbs 
If  it  is  not  possible  to  obtain  the  desired  homogeneity 
by  shielding  the  gas  cell  from  external  laboratory  fields  and  creat¬ 
ing  the  desired  field  by  appropriate  colls  (See  Section  III  C  for 

details)  one  can  still  utilize  pulse  techniques  of  the  spin-echo 

(53) 

type  devised  by  Hahn  to  preserve  the  phase  relations  among  the 
freely  precesslng  atoms  at  the  end  of  the  time  T.  This  can  be  accom¬ 
plished  by  inserting  a  180**  pulse  midway  between  the  two  90**  pulses, 
as  illustrated  in  Figure  3*  Assuming  that  the  atoms  remain  fixed  in 
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space,  processing  at  a  rate  determined  by  the  local  magnetic  field, 
some  will  go  too  fast  and  advance  in  phase  while  others  will  go  too 
slowly  and  be  retarded  in  phase.  The  effect  of  the  180^  pulse  is  to 
reverse  the  phases  of  the  atoms  with  respect  to  the  average  phase,  or 
ideal  phase,  as  illustrated.  Now  the  more  rapidly  processing  atoms 
are  retarded  in  phase,  but  will  catch  up  with  the  others,  while  the 
more  slowly  processing  atoms  are  moved  ahead  in  phase,  but  will  fall 
back,  'nie  result  is  that  they  are  all  in  phase  at  the  end  of  a  time 
equal  to  twice  that  between  the  first  90**  pulse  and  the  180°  pulse. 

In  a  cell  containing  a  bxiffer  gas,  the  alkali  atoms 
will  not  be  fixed  in  position  but  will  be  diffusing  among  the  buffer 
gas  atoms.  Under  these  circimistances  it  is  still  possible  to  pre¬ 
serve  phases  diirlng  a  time  Interval  by  applying  a  succession  of  180° 
pulses,  spaced  as  shown  in  Figure  3,  as  was  first  demonstrated  by 
Carr  and  Purcell. 

These  techniques  have  been  used  successfully  and 
experimental  details  will  be  given  in  Section  III  C. 

Another  method  of  reducing  the  effect  of  field  in¬ 
homogeneities  is  to  use  a  bulb  whose  walls  have  been  coated  with  a 
material  which  bounces  the  oriented  atoms  off  but  affects  the  spin 
state  only  very  slightly.  The  averaging  effect  of  the  motion  of 
the  precesslng  atoms  in  the  inhomogenous  field  can  lead  to  an  in¬ 
crease  in  the  effective  time  for  dephasing.  Some  estimates  can  be 
obtained  by  using  the  notion  of  a  random  walk  in  phase.  If  <0“'  is 
the  spread  tn  angular  frequencies  due  to  the  Inhomogeneltles  and 
is  the  transit  time  across  the  cell,  the  basic  step  in  phase  will 
be  dw  .  The  number  of  such  steps  in  a  time  T  is  and  the 


90*  PULSE  LEADS  TO  FREE  PRECESSION: 


180*  PULSE  REVERSES  FAST  AND  SLOW- 


PRECESSING  ATOMS  THEN  GET  BACK  IN  PHASE 


—At—  —At—  t 


MULTIPLE  180*  PULSES  (CARR  a  PURCELL) 
90*  180*  180*  180* 


At  2At  2At 


SPIN  ECHO  (HAHN) 
FIG.  3 
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average  phase  spread  developed  in  this  time  is 

Defining  T  by  putting  Af*l  ,  we  obtain 


An  improvement  will  be  achieved  if  ^  I  ■  If  4  ^  is  pro¬ 

portional  to  B^,  we  can  gain  by  going  to  lower  field  strengths  for 
a  fixed  size  bulb.  If  4^  is  independent  of  one  can  only  gain 
by  reducing  the  size  the  cell  and  thereby  reducing  ^ .  This  would 
also  reduce  the  value  of  A  and  thereby  under  most  circum¬ 
stances.  Wall  coatings  to  achieve  such  effects  were  investigated 
and  are  described  in  Section  II  B. 

Q.  Effect  of  a  Sinus oidally- Varying  Magnetic  Field 

If  the  magnetic  field  is  not  constant  but  has  a 
small  time  varying  part  the  Larmor  frequency  will  not  be  constant 
during  an  Interval  of  free  precession  and  departures  from  the 
"equilibrium  angle",  defined  for  the  constant  field  B^,  will  develop. 
The  case  where  the  time  variation  of  B^  is  slow  compared  to  the 
Larmor  period  will  be  treated,  having  in  mind  a  60  cycle  magnetic 
field,  so  a  sinusoidal  variation  will  be  assumed.  The  effect  of 
such  a  field  was  difficult  to  suppress  ejq^erlmentally  and  was  there¬ 
fore  used  as  a  method  of  detection  as  described  in  Section  IV  A. 

The  angle  of  rotation  swept  out  by  the  oriented  atoms 
freely  precessing  in  the  x-y  plane  during  a  time  interval  V  fol¬ 
lowing  a  90®  pulse  at  time  t,  is  given  by 
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t.^r 


(17) 


trtitn  tha  tima  varjrlnit  point  of  tha  flald  la  Z)  8  Tha  angla 

dapartura  from  th 

6  qp  5  )| 


of  dapartura  from  tha  aqulllbrium  angla ,  aa  ahown  in  Flgura  k  la  than 


^±1^1  * 

>e. 

nr  It  ^  •  a  ' 


(18) 


It  la  oonvanlent  to  define 

0(  s  IT  T" 


(19) 


VAian  a  -90°  pulse  la  applied  after  the  Interval  T  ,  It  will  rotate 
spins  having  the  equilibrium  angle  back  Into  the  original  vertical 
position  they  had  before  the  first  90°  pulse.  However,  If  there  has 
been  a  departure  A  f  from  this  equilibrium  angle,  the  spina  after 
the  -90°  pulse  will  make  an  angle  with  the  vertical  a:ds. 

It  Is  shown  In  Section  II  B  4  that  the  optical  ab¬ 
sorption  of  a  beam  of  light  directed  along  the  z-axis  by  an 

oriented  assemblage  of  atoms  Is  proportional  to  the  cosine  of  the 
angle  between  the  direction  of  orientation  and  the  z-axls.  Thus  the 
light  transmission  of  a  T  beam  following  the  -90°  pulse  will 
be  given  by 


(20) 


ZEEMAN 

RESONANCE 
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The  phase  angle  $  at  which  the  first  90®  pulse 
occurs  will  change  from  repetition  to  repetition  of  the  double  pulse 
sequence  unless  there  is  a  definite  harmonic  relation  between  the  pe¬ 
riod  7^  of  the  external  disturbance  and  the  repetition  period  . 
If  T  =  A-Te  then  the  i^ase  advaince  A  ^  psi*  repetition  time  is 

Ad  *  SLTT  -  [OL-j  (21) 

where  Q  OLj  denotes  the  greatest  integer  less  than  a.  •  Regarded  as 
a  function  of  time,  to  be  sampled  every '7^  seconds,  one  has 


^  _  co't 


(22) 


which  defines  a  "reduced  beat  frequency, "  to  •  between  the  mag- 
netic  field  frequency  and  the  repetition  frequency  Tj* 

Hie  tiii.e  variation  of  the  optical  tran3)i.is3icn  then 
represents  a  situation  similar  to  that  of  frequency  modulation. 


The  frequencies  which  appear  are  given  by  taking  the  real  part  of 


(55) 


(23) 


=  Mi  4,?  ) 


/?  ■/ 


where  the  T  (^)are  the  Bessel  functions  of  the  first  kind  of  order 

h 

n  and  use  has  been  made  of  the  relation 


(A)  =  (4) 
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Thus  one  obtains 

JJA)  ^  (24) 

As  the  amplitude  A,  idiich  depends  on  the  strength  of  the  time  varying 
magnetic  field  and  on  the  interval  T  between  90"  pulses,  is  in¬ 
creased,  many  frequencies  can  contribute,  giving  a  very  complicated 
response.  It  should  be  noted  that  only  even  harmonics  of  the  re¬ 
duced  beat  frequency  co'  occur. 

Sxperimental  evidence  for  this  complicated  behavior 
as  a  function  of  T  is  given  in  Section  IV  A. 

0.  Hvoerfine  Resonance  Between  =  0  States 
1.  Contact  Interaction  Term 

Because  of  the  spherical  synmetry  of  S-states  one 
would  not  at  first  ejqiect  to  see  any  splitting  produced  by  the 
interaction  between  the  magnetic  moments  of  the  electron  and  the 
nucleus,  for  idiich  the  interaction  Hamiltonian  is 

W  =  -  5/v-  /V  •  (1) 


However,  an  additional  term  must  be  added  to  this  Hamiltonian,  the 
so-called  contact  interaction  term. 


K 


Cl 


if 


A  •  A 


(2) 


and  it  is  this  which  contributes  the  magnetic  hyperflne  splitting  in 
S  states,  for  idiich  the  wave  function  does  not  vanish  at  the  origin: 


(3) 
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This  tern  was  dsrlvsd  by  Fermi  from  the  Dirac  equation  and  was  long 

thought  to  be  of  relativistic  origin  although  approsdnate  seml- 

-  (57) 

classical  arguments  could  be  used  to  derive  its  value.  Recently 

(58) 

Ferrell^  ''has  given  completely  classical  arguments  to  show  that  it 
must  appear  idienever  there  is  a>  discrete  magnetic  mcment  embedded 
in  a  corttlnuovis  distribution  of  magnetization. 

Ihe  dejMndence  of  the  ground  state  hyperfine  energy 
levels  of  rubi3Q.pi  87  on  an  external  magnetic  field  is  linear  except 
for  the  mp  ‘=  0  substates,  for  idiich  it  is  quadratic.  The  OOO  trans¬ 
ition  la  thus  of  particular  interest  since  the  frequency  is  given  by 


«  0.  X  n'^  Q  ^ 


(A) 


making  it  vtny  insensitive  to  field  inhoaogeneltles . 

2.  Coupled  Equations  and  Approximate  Solution  in  Terms 
^  a  Iftiltary  Transformation 


The  interaction  Hamiltonian  is 


J  ^  5  ^  ■  c  ) 


where 


1 

h 

1 

B 

ui 


(5) 


electron  angular  momentum  operator 
nuclear  gyromagnetlc  ratio  = 
nuclear  magneton 

nuclear  spin  angular  momentum  operator 

amplitude  of  magnetic  field  in  the  incident  plane  wave 

hyperfine  resonant  angular  frequency 
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In  order  for  this  to  connect  (2,0)  and  (1,0)  B  must  be  along  the 
axis  of  quantization,  which  is  chosen  to  be  the  z-axle.  Then  the 
interaction  matrix  element  is 

The  Schrodlnger  equation  then  yields  the  equations  for  the  coeffi¬ 
cients  Of  states  (2,0)  and  (1,0) 

it  rr  ~  E  a.0  k 

(7) 

^  ^  ^  (*^v  ^  *•  ^)  ®-0 

where  a  constant  has  been  added  to  the  total  Hamiltonian  to  make 
the  energy  of  state  (2,0)  equal  to  +  E  and  the  energy  of  (1,0) 
equal  to  -  E.  Also  the  abbreviations 

i  '  ■  I  (frn  -  )  6  (8) 

S'  -  ■*/€. 

have  been  Introduced.  (This  phase  angle  ^  does  not  appear  in 
the  diagonal  elements  of  the  ground  state  density  matrix  describing 
the  absorption). 

In  spite  of  their  seeoilng  sis^iclty  equations  (7) 
cannot  be  solved  without  resorting  to  ei^anslon  in  series  or  to 
other  approximation  procedures.  They  are  of  the  same  form  as  the 
equations  describing  a  spin  \  system  subjected  to  an  oscillating 
magnetic  field  at  right  angles  to  a  static  magnetic  field.  For 
such  a  system  one  may  neglect  the  component  of  the  oscillating 
field  rotating  oppositely  to  the  Larmor  precession.  A  similar 
approximation  can  be  used  here,  expanding  the  cosine  into  a  sum 
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of  e:q)onentlal8  and  neglecting  the  "oppositely  rotating"  one. 
With  this  approximation  the  resonant  solution  for  is 

conveniently  witten  as 


<(t)  J 


(u ) 


;  rt, ) 


Cl 


where  the  unitary  matrix  ^  ^  given  by 


(9) 


7 


1^  s  L('t  ~  m  ^ 


» 

A  better  approximation  to  the  solution  of  equations 
(7)  has  been  obtained  by  A.F.  Stevenson^^^^  by  e^qpanding  in  powers 
of  ^/\e  .  To  first  order  in  ^/2£  the  amplitudes  receive  corv 
rections  of  order  1/4  (  Vif  )>  while  the  calculated  angular  fre¬ 
quency  that  gives  the  maximum  transition  probability  fron  one  state 
to  the  other  is  corrected  according  to 


U» 


H 


IVif)') 


(u) 


This  result  was  first  obtained  by  Bloch  and  Siegert. 


(60) 


3.  Pert xirbat ions  of  the  Resonance 

Several  sources  of  line  breadth  and  the  method  of  re¬ 
ducing  the  Doppler  breadth  have  been  discussed  elsewhere^ and  will 
not  be  elaborated  here.  During  the  course  of  the  present  work  sev¬ 
eral  groups  have  obtained  information  on  the  shifts  caused  by  col¬ 
lisions  with  various  buffer  gases,  including  both  positive  and  neg- 

(62) 

ative  variations  with  pressure  increases.'  ' 
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The  presence  of  optical  radiation  for  the  purposes 
of  pumping  and  detection  can  be  a  source  of  both  line  broadening 
and  of  a  shift  In  the  hyperflne  resonance.  It  the  average  rates 
of  interactions  with  photons  for  the  (2,0)  and  (1>0)  states  are 
n  and  /7..  then  by  the  Welsskopf-Wlgner  relatlons^^^^  the 

t  fi  ® 

breadth  will  be 


(12) 


(Such  average  Interaction  rates  can  be  obtained  from  the  optical 
pumping  theory  given  In  Section  II  A) 

A  careful  treatment  of  the  Interaotlon  of  the  op¬ 
tical  radiation  reveals  the  possibility  of  a  shift  ^  £  In  an 
energy  level  due  to  this  Interaotlcsi(^) : 


Here  Is  the  density  of  optical  radiation  oscillators  having 

wave  nun^er  k  and  Is  the  value  of  k  at  the  central  optical 
frequency,  denotes  principal  value  Intejpal. 

A  similar  expression  will  hold  for  each  of  the  hyper- 
fine  levels.  If  there  Is  a  lack  of  synnetry  in  the  distribution 
about  At  this  term  can  be  non-sero.  The  poeslble  existenoe  of 
such  shifts  was  recognized  when  this  work  was  begun  and  was  esti¬ 
mated  to  be  very  small.  Recent  work  by  Barrat  aiul  Cohen-TanndUdJl^^^^ 
predicted  that  under  some  experimental  conditions  they  could  be  ob¬ 
served  and  succeeded  In  doing  so.  This  effect  serves  to  ej^laln  fre¬ 
quency  shifts  as  a  function  of  light  intensity  observed  by  Ardltl^^^^ 
and  also  by  Bender. 


11-42 


The  deelrablllty  of  eliminating  the  optical  transi¬ 
tions  as  a  source  of  disturbance  for  the  hyperfine  resonance  is 
apparent  from  this  discussion.  The  phase  destructive  method  makes 
it  possible  to  interrupt  the  light  beam  and  to  detect  the  micro- 
wave  resonance  only  when  the  optical  radiation  is  not  present.  This 
is  discussed  further  in  Section  II  E  and  in  Section  III.  Other  meth¬ 
ods  of  detection  can  also  be  devised  which  involve  the  pulsing  on  and 
off  of  the  light  source  to  eliminate  these  undesirable  effects,  as 
will  be  discussed  in  Section  V. 

E.  Phase  Desti*uction  Method 
1.  Description 

A  non-mathematical  discussion  was  given  in  Section  I. 

In  this  section  calculations  will  be  carried  out  using  the  theory  de¬ 
veloped  for  this  purpose. 

An  experimental  program  of  allowing  the  several  oscil¬ 
latory  electromagnetic  fields,  at  optical,  microwave,  and  radio  fre¬ 
quencies,  to  act  separately  is  convenient,  as  Illustrated  in  Figure  4. 

It  is  fortunate  that  such  a  program  enables  calculations  to  be  per¬ 
formed  much  more  readily  than  if  the  several  different  frequency  fields 
acted  simultaneously. 

The  particular  property  of  the  density  matrix  to  be  ex¬ 
ploited  is  that  one  may  regard  a  given  density  matrix  which  contains  all 
of  the  Information  on  the  system  as  capable  of  dec(»iposltion  into  a 
sum  of  density  matrices  in  arbitrary  ways.^^®^  Sane  one  of  these 
ways  may  be  especially  useful  in  some  computations.  Here  the  useful 
decomposition  is  into  the  density  matrices  corresponding  to  pure 
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(F,  mp)  states  vrlth  statistical  weights  given  by  the  diagonal  ele¬ 
ments  of  the  original  denslt7  matrix,  obtained  bjr  the  optical  pump¬ 
ing  process  described  In  Section  II  A.  Gne  is  clearly  not  allowed 
to  think  of  atoms  being  definitely  In  single  pure  (F,mp)  states 
for  they  could  be  In  pure  superposltloi states  formed  from  the 
(F,mp)  states,  but  If  the  density  matrix  Is  diagonal,  such  an  In- 
terpretetlon  Is  allowable.  It  Is  In  accord  with  the  usual  naive 
way  of  considering  the  populations  of  atomic  states  and  constitutes 
a  Justification  of  that  procedtire. 

Hie  unitary  matrices  given  In  the  preceding  sections 
for  the  action  of  the  coherent  microwave  and  rf  fields  can  be  used 
to  describe  the  time  development  of  the  pure  (F,mF)  states  of  the 
atom.  The  wave  functions  resulting  from  such  successive  unitary 
transformations  can  be  used  to  form  density  matrices  which  can  be 
combined  with  the  statistical  welj^ts  from  the  original  diagonal 
density  matrix  to  yield  the  final  density  matrix. 

2.  Change  ijj  Density  Matrices  Produced  by  Pulse  Sequence 

The  calculation  as  described  above  is  straight  for¬ 
ward  but  tedious  and  will  not  be  given  In  detail.  The  wave  function 
for  the  result  of  operating  successively  with  the  unitary  operators  is 


f. 

—  f 


U(-n')  UJ"/)  U(^n')  (1, 


It  Is  convenient  to  use  a  column  vector  notation  in  terms  of  the 


Il-u 


coefficients  of  the  wave  fvinctions.  For  the  initial  state  (Fjmp  ) 
=  (2,  +  2)  one  obtains 
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The  diagonal  elementa  of  the  final  density  matrix  are 


V 
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7 


1 

0 
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One  can  perform  similar  calculations  for  each  state  (  Fimp)  as  the 
initial  state.  The  final  density  matrix  is  the  same  as  the  initial 
one  for  the  initial  states  (!,'’>),  (2,-1)  and  (2,1)  since  the  action 
of  U  (90°)  lends  to  a  coefficient  of  zero  for  the  (1,0)  and  (2,0) 
states  so  that  has  no  effect  and f ^ 


3.  Change  Jn  Effective  Oecillator  Strengths 


Using  the  equation 

^  ^  & 

€^4  ®  rj- 

one  can  calculate  this  as  a  function  of  .  For  the  operator 
corresponding  to  T'*  radiation  directed  along  the  axis  of  quan¬ 
tization  the  result  Is 

p,  cr  = 


rr*) 


(6) 


for  the  density  matrix  corresponding  to  the  initial  state  (2, +2). 
Similar  calculations  for  final  density  matrices  for  other  states 
can  be  made.  When  these  are  ccnbined  using  as  statistical  weights 
the  diagonal  elements  of  the  Initial  density  matrix,  the  result  for 
the  change  4  /  in  the  effective  oscillator  strength  Is 

i  *  f  ff*-  ■  ■ 
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The  are  the  initial  populations  of  the  states. 


The  effect  of  the  resonance  for  O'  radiation  can  be  obtained  by 
an  exchange  in  the  coefficients 
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and  iB  seen  to  give  juet  the  negative  of  the  above  values.  It  seems 
remarkable  that  only  the  differences  in  initial  populations  between 
the  states  (l^-l)  and  (1,1)  and  between  the  states  (2,-2)  and  (2,2) 
contribute  to  the  final  result. 

Such  equal  and  opposite  Intensity  changes  could  en¬ 
able  the  use  of  a  bridge  type  of  detection  to  balance  out  fluctua¬ 
tions  In  the  light  source. 

The  maximum  change  is  found  for  ,  correspond¬ 

ing  to  a  change  In  sign  of  the  (2,0)  state  with  respect  to  its  partner 
states  of  total  angular  momentum  P  =  2  in  the  superposition  state 
wavs  function  following  the  90**  pulse,  nie  magnitude  of  the  change 
In  absorption  resulting  from  this  change  in  the  effective  oscillator 
strength  Is  clearly  of  the  same  magnitude  as  that  obtained  by  invert¬ 
ing  the  oriented  populations  by  means  of  a  180**  pulse  which  is  (See 
Section  II  B  4) 


(9) 


It  should  be  noted  that  there  need  be  no  energy  ab¬ 
sorbed  from  the  microwave  radiation  serving  to  mix  the  (2,0)  and 
(1,0)  states  since  only  a  phase  change  and  not  a  change,  in  the 
amplitude  of  these  states  need  be  established. 

Other  modes  of  operation  than  the  pulsed  microwave 
one  are  possible  in  which  the  microwaves  are  present  continuously. 
They  are  only  effective  between  the  90°  pulses  however,  and  a  sim¬ 
ilar  theoretical  description  applies. 

The  effect  of  relaxation,  >rtiich  has  been  neglected 
in  the  foregoing  analysis,  will  be  to  degrade  the  signal  from  that 
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calculated.  As  one  increases  the  interval  T  between  the  two  90** 
pulses  the  signal  will  then  become  weaker,  but  since  it  is  so  strong 
one  can  proceed  quite  far  in  increasing  this  time  interval  T  .  The 
line  width  for  the  hyperfine  resonance  is  then  expected  to  be  a 
If  the  hyperfine  excitation  is  applied  in  two  coherently  phased  pulses 
one  can  narrow  the  resonance  by  a  factor  of  2  as  is  accomplished  in 
the  Ramsey  method  of  separated  oscillatory  fields  in  atomic  beam 
work.^^^^  In  addition,  this  two  coherent  pulse  method  should  allow 
one  to  narrow  artificially  the  resonance  beyond  that  determined  by 
the  T2  relaxation  time,  by  selecting  Just  those  atoms  i^ich  livs  a 
time  T  ,  idilch  can  be  made  greater  than  T2  by  this  sensitive  means 
of  detection,  as  discussed  in  Appendix  C. 

There  is  also  the  possibility  of  applying  quite  com¬ 
plicated  pulse  sequences  to  study  their  effects  on  atcms  in  a  way 
«dilch  would  be  quite  involved  for  atomic  beams. 
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III.  experimental  methods  and  instrumemtation 

In  this  section  the  details  of  the  apparatus  used  are 
given,  along  with  some  design  considerations.  The  difficulties 
encountered  with  some  approaches  that  ware  not  successful  are  dis¬ 
cussed.  Separate  parts  are  devoted  to  a  description  of  the  source 
of  rubidium  resonance  radiation;  to  the  making  of  gas  cells,  with  con¬ 
siderable  attention  to  the  technique  of  preparlrl^  walls  by  treatment 
with  alkyl  chlor  os  Hanes;  to  the  rf  pulse  clroulti*y  for  the  Zeeman 
resonances;  to  the  hyperflne  microwave  frequency  stabilization 
system;  and  to  the  electro-optical  pumping  and  detection  system. 

Figure  5  shows  an  early  view  of  the  optical  system 
and  magnetic  field  and  gas  cell  arrangement,  while  Figure  6  shows 
the  changes  made  ^en  using  the  shielded  solenoid.  Figure  7  shows 
the  microwave  frequency  stabilization  system.  The  electronic  appa¬ 
ratus  used  for  the  pulsed  resonances  Is  shown  in  Figure  8. 

Diagram  1  presents  a  schematic  block  diagram  of  the 
major  parts  of  the  experiment  and  their  relations  to  each  other. 

A.  Light  Source 

1.  Spectroscopic  Line  Structure  and  Line  Breadth 

The  structure  of  the  two  D  lilies  resulting  from  the 
fine  stznicture  splitting  In  the  5  p  state  of  rubidium  are  shown  In 
Figvu*es  9  (a)  and  9  (b)  which  display  the  hyperflne  splitting  caused 
by  the  nuclear  spin  I  for  the  ground  state  and  for  the  excited 
states. (  I  =  3/2  for  rubidiuir.  87;  I  =  5/2  for  rubidium  85)  The  fig¬ 
ures  also  show  the  ten  hyperfine  COTiponents  of  the  optical  transitions 


FIG.  5  VIEW  OF  EARLY  OPTICAL  ANO  MAGNETIC  FIELD  ARRANGEMENT 


FIG.  7  VIEW  OF  MICROWAVE  FREQUENCY  STABILIZATION  SYSTEM. 


FIG.  8  View  OF  ELECTRONIC  APPARATUS 
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along  with  their  oscillator  strengths.  The  excited  state  hyper- 
fine  splittings  are  those  determined  by  Rabi  and  Senitzky^  "^^^using 
optical  excitation  in  atomic  beams. 

The  amount  of  overlap  among  the  hyperfine  components 
can  be  determined  from  the  Doppler  width.  This  is  520  Me /sec  for 
rubidium  at  temperature  of  300®  C.  The  optical  radiation  from  an 
electrically  excited  discharge  in  xnibidium  vapor  has  a  spectral 

(71) 

breadth  at  least  3-4  times  the  room  temperature  Doppler  breadth, 
and  under  most  conditions  perhaps  tsn  times  larger,  due  to  collision 
broadening  and  self -absorption  in  the  discharge  tube.  Under  these 
conditions  the  overlap  is  considerable  and  results  in  each  of  the 
hyperfine  components  in  D^^  or  D2  having  the  same  peak  intensities. 

Naturally  occurlng  rubidium  is  composed  of  72  % 

Rb®^  and  28J6  Rb®^,  so  the  Rb®^  structure  will  dominate.  However, 

87 

by  exciting  a  discharge  in  pure  Rb  the  hyperfine  staructure  could 
be  resolved  using  a  large  concave  grating  spectrograph. 

Reduction  of  the  peak  intensity  at  the  center  of 
the  broadened  line  by  self -absorption  can  be  a  serious  problem, 
for  this  is  the  spectral  region  in  which  the  cooler  alkali  vapor 
in  the  optical  pumping  cell  absorbs  and  reradlates  the  radiation. 
Methods  of  avoiding  this  are  discussed  below. 

2.  Types  of  lamgs  and  Electrical  Excitations  of  the 

Discharge 

In  the  initial  work  commercial  rubidium  vapor  lamps 
made  by  Phillips  and  by  Osram  were  used.  These  consist  of  a  dis¬ 
charge  tube  using  argon  as  a  carrier  gas  containing  similar  elec¬ 
trodes  at  each  end  which  is  enclosed  in  a  non-evacuated  glass 
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envelope  for  purposes  of  thermal  stabilization.  They  are  Intended 
to  be  excited  by  several  hundred  volts  at  60  cycles,  in  series  with 
a  ballast  resistor.  Such  excitation  gives  120  cycle  pulsations  in 
the  light  output  which  would  be  undesirable  for  the  type  of  pulse 
work  used  In  the  present  research.  Accoz>dlngly  other  excitation 
methods  were  tried  on  these  lamps:  rf,  microwave,  and  dc. 

Scane  difficulty  was  encountered  In  coupling  rf  ener¬ 
gy  at  14  Me  into  the  electrode  structure  of  the  Osram  lamp,  althotigh 
if  the  lamp  was  started  Independently  and  warmed  up,  for  example 
by  microwave  excitation,  the  rf  energy  served  to  maintain  the  dis¬ 
charge  steadily  but  not  as  brightly  as  one  might  desire. 

Microwave  excitation  using  a  Raytheon  Microtherm 
unit  consisting  of  a  magnetron  oscillator  at  2450  Mc/sec  coupled 
to  a  dipole  antenna  and  reflector  could  give  quite  an  intense  dis¬ 
charge.  However,  the  power  supply  in  the  iinit  had  a  large  60 
cycle  modulation  which  affected  the  power  output.  Although  this 
could  have  been  removed  by  suitable  filters  in  the  power  supply, 
this  was  not  done. 

Excitation  using  direct  curz*ent  was  found  to  be  quite 
satisfactory.  An  inductance  of  10  henries  having  a  resistance 
of  about  1  ohm  was  placed  in  series  with  an  Osram  discharge  tube 
and  fed  from  a  rotating  d-c  generator  with  low  conmutator  noise. 

The  voltage  was  remotely  controllable  by  means  of  a  field  rheostat 
for  starting  the  lamp.  Without  the  inductance,  instabilities  lead¬ 
ing  to  relaxation  oscillations  would  develop  in  the  discharge.  The 
large  inductance  was  considerably  more  effective  in  suppressing 
such  oscillations  than  a  transistor  regulated  constant  current  source 


PULSED  Rf  OSCILLATOR  FOR  RUBIDIUM  LAMP  EXCITATION 

DIAGRAM  2 
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especially  constructed  for  the  purpose.  The  probable  reason  for 
this  is  that  the  voltage  swings  available  from  the  stored  energy 
in  the  inductance  were  not  limited  by  the  voltage  source  as  in  the 
case  of  the  transistor  circuit.  With  time  the  generator  became 
more  noisy  and  it  was  convenient  to  transfer  operation  after  start¬ 
ing  to  five  6  volt  storage  cells  in  series,  by  rapid  manual  switch¬ 
ing.  A  reversing  switch  was  incorporated  to  change  the  polarity 
of  the  lamp  tdien  being  excited  by  dc  to  allow  both  electrodes  to 
age  equally.  The  circuit  is  given  in  Diagram  3. 

Some  laboratory  made  electrodeless  lamps  were  also 
tried.  One  geometry  utilized  a  flat  strip  envelope  about  one  inch 
by  1/8"  internal  dimensions  terminated  in  circular  cylindrical 
chambers  about  which  cylindrical  electrodes  were  placed  to  enable 
excitation  by  capacitive  coupling.  This  gecmetry  was  chosen  to 
minimize  self  absorption  by  letting  the  depth  of  the  discharge 
source  be  on  the  oz*der  of  the  "mean  free  path"  for  the  emitted 
photons.  The  carrier  gas  was  neon  at  a  few  mm  pressure,  and 
the  excitation  source  was  an  amateur  radio  transmitter  at  25  Nc/sec 
kindly  lent  by  R.A.  Naumann.  Instabilities  developed  in  the  dis¬ 
charge,  however,  the  most  serious  being  changes  in  the  mode  of  the 
discharge  every  several  seconds. 

Ihe  most  successfxil  lamp  was  one  constructed  by 
C.  Vamum  at  the  suggestion  of  T.R.  Career  and  kindly  lent  by 
them.  It  consisted  of  a  circular  flat  button  enclosure  having 
a  slightly  concave  front  surface,  about  1  in  diameter  and 
deep  and  used  a  few  mm  of  argon  on  the  carrier  gas.  It  was 
placed  in  the  tank  coll  of  an  rf  oscillator  having  a  frequency 


of  about  30  Hc/aec  and  excited  by  a  magnetic  type  of  coupling, 
the  electric  field  being  produced  by  the  oscillating  rf  magnetic 
field.  About  30  watts  could  be  coupled  into  the  discharge.  The 
diagram  for  this  circuit  is  given  as  Diagram  2.  When  znin  with 
dc  on  the  filaments  it  was  exceptionally  stable  and  bright.  The 
large  area  enabled  it  to  be  Imaged  on  the  central  part  of  the  gas 
cell  with  a  one  to  one  magnification.  It  may  be  seen  on  top  of 
the  Oexlon  structure  in  Figure  6. 

During  the  later  stages  of  the  investigation  a 
rubidium  lamp  made  by  the  Varian  Associates  for  use  with  their 
magnetosnters  and  atomic  clocks  was  acquired.  This  lamp  was  the 
result  of  much  experimentation  on  temperatiire  balance  and  excit¬ 
ation  rates  and  has  been  described  in  the  literature. The 
power  consumed  by  the  lamp  is  only  a  few  watts.  It  worked  ade- 
qiutely  well  but  was  about  ten  times  less  effective  in  producing 
orientation  as  measured  by  180°  pulses  (  See  Section  III  C  below) 
than  the  large  area  high  power  lamp  described  immediately  above. 

3.  Questions  of  Self  Reversal  and  Litensltv 

Examination  of  the  spectral  output  of  lamps  under 
several  types  of  excitation  dviring  the  early  stages  of  the  inves¬ 
tigation  by  means  of  a  large  3"  concave  grating  spectrograph  em¬ 
phasized  the  ease  with  which  the  D  lines  could  be  self  reversed. 
This  happened  whenever  too  much  power  was  fed  into  the  discharge 
to  be  removed  by  the  cooling,  resulting  in  the  lamp  znmning  at  too 
high  a  temperature.  The  practical  remedy  was  simply  to  Increase 
the  efficiency  of  the  cooling. 
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Tko  methods  of  cooling  were  utilized:  blowing  air 
by  the  discharge  tube  from  tie  building  pressure  line;  and  immer¬ 
sing  the  tube  in  a  bath  of  silicone  oil  vdiich  was  Itself  cooled 
by  cold  water  flowing  thro\igh  copper  tubes  immersed  in  the  oil. 
When  cooling  the  Osram  lamps  it  was  found  e:q>edient  to  remove  the 
outer  Jacket.  Care  must  be  taken  not  to  cool  too  much  for  the 
vapor  pressure  of  the  rubidium  depends  on  the  temperature  and  one 
can  lose  intensity  in  the  rubidliun  radiation. 

When  using  the  silicone  oil  bath  surrounding  the 
discharge  tube  (silicone  oil  is  quite  transparent  in  the  near  in- 
fra-red('^3)  )  a  good  temperature  was  found  to  be  about  140^  C. 
Figure  17  shows  a  picture  of  such  a  lamp.  An  increase  in  emitted 
radiation  by  approximately  a  factor  of  2  was  obtained  by  surroimd- 
Ing  the  envelope  containing  the  silicone  oil  with  a  reflecting 
aluminium  foil  layer  opposite  the  aperture  for  the  enonlssion  of 
the  light.  The  entire  envelope  was  wrapped  with  two  alternate 
layers  of  asbestos  tape  and  aluminum  foil.  This  was  necessary  in 
order  that  the  energy  put  into  the  discharge  raise  the  temperature 
sufficiently  to  yield  the  optimum  rubidium  vapor  pressure. 

Some  yeare  ago  D.A.  Jackson^ demonstrated  that 
it  was  possible  to  Increase  the  intensity  of  radiation  from  dis¬ 
charges  in  alkali  vapors  without  self -reversal  if  one  cooled  ad¬ 
equately  while  increasing  the  excitation  current  density.  This 
was  one  of  the  motivations  for  the  cooling  employed  and  it  was  ob¬ 
served  that  the  intensity  increased  more  or  less  linearly  up  to 
the  maximum  current  tried,  about  2-amps  (the  rated  current  is  about 
0.7  amps).  This  represented  a  power  input  of  about  30  watts. 


No  careful  measurement  was  made  of  actual  intensities, 
but  from  observations  on  photo  currents,  assuming  a  ]^oton  efficiency 
of  1/250  for  an  S-1  cathode  at  ^  8OO0I,  an  overall  photon  emission 
rate  In  the  D  lines  of  about  10^^  idioton/sec-steradlan  was  achieved 
from  the  dc  excitation.  The  larger  area  of  tho  rf  excited  button 
source  described  above  resulted  in  Its  being  more  effective  for  orl- 
.entatlon  (meastired  by  ISO**  pulses)  than  the  dc  source  by  about  a 
factor  of  3. 


4.  Methods  of , Pulsing  the  Id^lit  Source 

Although  mechanical  Interruption  of  a  beam  of  light 
by  means  of  a  rotating  wheel  containing  suitable  apertures,  or  per¬ 
haps  a  combination  of  wheels  rotating  at  different  speeds  to  achieve 
a  vernier  effect  for  rapid  rise  and  fall  times,  affords  a  means  of 
pulsing  with  large  solid  angles  of  acceptance,  difficulty  In  making 
rapid  changes  In  the  duty  cycle  and  repltitlon  rate  would  be  ex¬ 
perienced.  An  electrical  method  was  therefore  sought  which  would 
respond  to  the  action  of  triggering  pulses  from  some  master  timing 
arrangement  possessing  easy  flexibility  for  adjustment  during 
exper  imentat  Ion . 

Mechanical  shutters  activated  by  solenoids  or  com¬ 
pressed  air  were  soon  found  by  calculation  to  require  too  much  power 
for  operation  in  times  of  the  order  of  a  millisecond,  as  was  desired, 
given  the  necessary  mass  of  such  devices.  Very  lightweight  shutters 
for  cameras  have  been  made  by  the  Graf lex  Corp.  to  operate  in  this 
time  range,  but  upon  examination  they  proved  to  be  Ill-adapted  for 
continuous  cyclic  operation  as  was  desired. 
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Electro-optical  shutters  utilizing  the  bi-refrin- 
gence  in  a  solid  such  as  potassium  dehydrogen  jdiosphate  (KDP) 
induced  by  an  electric  field  suffer  from  the  need  to  use  highly 
collimated  light  and  thus  the  available  photon  flux  for  orientat¬ 
ion  and  detection  purposes  is  reduced.  Also,  the  commercially  avail¬ 
able  aperture  sizes  are  onall. 

The  method  finally  adopted  was  to  turn  the  discharge 
in  the  lamp  on  and  off.  Although  this  produced  time  constants  on 
the  order  of  several  milliseconds  due  to  recombination  effects,  the 
speed  was  adequate  and  such  operation  did  not  promote  instability  in 
the  discharge  as  had  been  initially  feared. 

For  the  dc  discharge  excited  lamp  a  Delco  2N27S  power 
transistor  capable  of  carrying  2  amperes  was  placed  in  parallel  with 
the  lamp  and  used  as  a  switch.  Since  the  combination  was  fed  from  a 
very  effective  constant  current  source  (the  large  inductance  previ¬ 
ously  mentioned)  the  current  could  be  transferred  very  cleanly  back 
and  forth  between  the  discharge  and  the  transistor.  Some  of  the 
switching  transients  are  shown  in  Figure  10.  The  circuits  for  the 
transistor  binary  and  power  amplifier  used  to  drive  the  power 
transistor  are  shown  in  Diagram  3>  In  order  that  the  magnetic  field 
at  the  position  of  the  gas  cell  resulting  from  the  do  excitation  be 
changed  a  little  as  possible  during  the  switching,  the  power  transistor, 
mounted  on  a  large  alumlnxsn  plate  for  power  dissipation,  was  placed 
near  the  light  source,  as  can  be  seen  in  Figure  5. 

For  the  rf  discharge  excited  light  source  using  the 
button  shaped  tube  and  magnetic  excitation  described  above,  the 
pulsing  was  accomplished  by  swinging  the  screen  grid  on  the  3^29 
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oscillator  tube.  The  electron  tube  amplifier  circuit  enabling 
this  to  be  driven  from  the  same  binaiy  vrtiich  drove  the  power  tran¬ 
sistor  Is  given  in  Diagram  2 . 

This  light  source  can  be  seen  atop  the  Dexlon  scaf¬ 
folding  in  Figure  6.  An  oscillogram  of  a  transient  is  shown  in 
Figure  10  (c). 

B.  Rubidium  Vapor  Cell  Preparation  and  Wall  Coatings 
1.  Glass  Bulbs 

These  were  blown  frcm  Pyrex  glass  by  the  Palmer  Lab¬ 
oratory  glassblower,  Leigh  Harris.  The  size  was  not  critical  but 
most  were  spherical  with  a  diameter  of  2  Inches.  For  buffer  gas 
bulbs  this  gives  an  adequately  long  time  for  diffusion  to  the  walls 
for  the  pressures  of  buffer  gases  used  (see  discussion  in  Appendix 
to  Reference  (1)  ).  I^e  size  of  the  orifice  for  such 

buffer  gas  cells  is  not  critical. 

For  bulbs  having  coated  walls,  the  size  of  the  ori- 
face  is  Important  since  nearly  complete  relaxation  occurs  when  an 
atan  strikes  the  reservoir  of  rubidium  in  the  tube  adjoining  the 
orifice.  The  following  approximate  calculations  are  relevent.  The 

probability  of  an  atom  leaving  the  cell  is  the  ratio  of  the  orifice  area 

,  2 

to  the  area  of  the  wall 

A^rorifice)  _  _i _  _ 2“  (1) 

Prob.  of  leaving  =  A^(wall)  “4  <^2 

dl  =  diameter  of  orifice  (assumed 

circular) 

6.2  -  diameter  of  spherical  bulb 


(0)  2mt  INTERVAL  (k)  lOmt  INTERVAL 

O.C.  TRANSISTOR  SWITCHING 


(c)RF  SWITCHING  (2mt  INTERVAL) 

FIG.  10  LIGHT  PULSING  TRANSIENTS. 
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The  probability  per  unit  time  le  obtained  by  multiplying  by  the 
number  of  coHlslone  per  eecond,  where  le  the  average 


-A' 

tranelt  time  across  the  cell.T  = 


being  the  average  ve- 


^  *  “2 

loclty.  The  probability  of  an  atom  having  left  the  cell  after  a 
time  T  Is 


r 


-  A.  X 

cr) 


(2) 


and  a  convenient  criterion  Is  set  by  placing 


ii. 

A2 


=  1 


(3) 


For  a  2  inch  diameter  bulb  of  Rb  atone  at  room  tmqperature  Tg*  3  x  10 
sec  and  the  following  relation  between  r  and  d]^  is  obtained: 

T  tJl  ^  2,!  K  K  \  (4) 

r// 

This  yields  T  »  0.2  sec  for  d^  **  10~^  cm.  It  Is  to  be  noted  that  'C 
goes  as  the  cube  of  the  cell  diameter. 

"Lobsterpot"  types  of  cells  having  very  small  orifices 
were  made  (as  shown  In  Figure  12)  to  give  calculated  relaxation  times 
of  several  seconds  in  order  that  this  be  a  negligible  source  of  relax¬ 
ation  when  exMBlnlng  the  performance  of  wall  coatings.  Sosm  1  Inch 
diameter  cells  were  made  in  order  to  Improve  the  Dlcke  Doppler  re¬ 
duction  In  such  wall  coated  cells  and  this  necessitated  orifice  open¬ 
ings  of  only  several  tenths  of  a  millimeter  idilch  were  prepared  by 
Mr.  Harris  by  grinding  the  end  of  a  tapered  tube. 
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2.  Rubidium  Dlstlllatioti  and  Buffer  Gae  Handling 
The  only  change  frcrni  the  methods  described  In 
reference  (l)  was  concerned .with  the  manner  of  obtaining  the 
rubidium  from  the  inabidium  chloride  form  in  which  it  is  readily 
available.  Instead  of  replacing  the  Rb  by  Na  as  described  there, 
a  technique  of  using  calcium  for  this  purpose  as  described  by 
Strong ^’75)  employed.  Calcium  chips  were  filed  to  yield  a 
fine  powder  ;dilch  was  mixed  with  RbCl  in  roughly  stoichicmetric 
proportions.  The  mixture  was  placed  at  the  bottom  of  a  1/2" 
pyrex  tube  joined  from  its  side  to  the  bulb  to  be  filled  by  con¬ 
stricted  tubing  to  be  sealed  off  at  successive  constrictions  in 
the  distillation  process.  The  top  of  the  tube  was  sealed  off 
near  the  connection  to  the  bulb.  After  a  good  fore  vacuum  was 
achieved  the  powder  mixture  was  torched  to  release  water  and  ad¬ 
sorbed  gases.  Ihe  volume  of  gas  evolved  was  considerable  and  scxne- 
times  came  off  explosively,  blowixig  the  powder  throughout  the 
system.  This  effect  was  eliminated  by  placing  some  glass  wool 
above  the  powder  in  the  tube  and  tamping  it  gently  into  place. 

This  trapped  the  powder  particles  but  was  sufficiently  porous  to 
allow  rubidium  vapor  to  pass  through.  It  was  necessary  to  heat 
the  mixture  until  the  pyrex  was  glowing  red  in  order  to  effect  the 
replacement,  but  the  use  of  an  iron  boat  as  described  by  Strong ^^5) 
was  not  required.  After  a  sufficient  amount  of  rubidium  was  pro¬ 
duced  and  moved  beyond  the  first  constriction,  the  pyrex  tube  was 
removed  from  the  system.  It  was  often  found  possible  to  use  the 
mixture  again  for  the  production  of  more  irubidlum,  in  >*ich  case  the 
problems  associated  with  the  evolution  of  gas  were  eliminated. 


FI6.il  VIEW  OF  VACUUM  SYSTEM 
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During  the  early  stages  of  the  work  rubidium  was 
distilled  into  bulbs  singly.  However,  during  the  investigations 
of  the  alkylchlorosilane  wall  coatings,  several  bulbs  were  filled 
simultaneously,  as  shown  in  the  photograi^  of  the  vacuum  system  in 
Figure  11.  Distillation  of  the  natural  rubidium  has  been  completed 
in  the  photograph.  The  oven  shown  lowered  was  used  to  bake  the 
bulbs  at  300-400"  C  under  mercury  diffusion  pump  vacuum  befcre 
final  distillation  of  rubidium  into  the  bulbs,  the  deposits  of 
metallic  rubldlvim  being  prevented  frcm  evaporation  by  cool  moisten¬ 
ed  cloths  wrapped  around  the  tube.  Pressures  between  5  x  lO'*^ 

and  10~^  mm  Hg  could  be  achieved  with  this  vacuum  system. 

3.  Wa:^l  r.oatlnaa 

a. 

The  desirability  of  finding  wall  coatings  which 
will  only  slightly  perturb  the  internal  states  of  atosis  during 
collisions  has  been  recognised  since  the  proposal  of  Prof.  R.H. 

Dicke^3)  for  the  reduction  of  the  Doppler  width  by  confining  the 
atoms  to  a  region  smaller  than  or  comparable  with  the  wavelength 
of  the  transition  between  the  states.  Another  motivation  has  be«i 
the  success  of  optical  punqping  experiments  in  buffer  gases. 

Some  evidence  that  spin  orientation  is  preserved 
after  bounces  from  hot  metal  surfaces  was  obtained  by  W.B.  HawkiM.^*^^^ 
A  suggestion  that  saturated  straight  chain  hydrocarbon  waxes  might 
provide  such  a  surface  was  made  by  T.R.  Carver  in  a  talk  at  the 
1957  Frequency  Control  ^poslum^?^^  Independent  optical  pumping 
esqjeriments  by  H.G.  Robinson,  E.S.  Ehsberg,  and  H.G.  Dehmelt^^^ 
first  dmnonstrated  that  elcosane,  a  C20H46  straight  chain  hydrocarbon 
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formed  a  ver7  eucceseful  wall  coating.  Careful  e:^rlments  by  W. 
Franzen(79)  using  an  optical  monitoring  technique  indicated  that 
the  longer  the  chain  of  the  h3rdrocarbon  wax,  the  longer  the  relax¬ 
ation  time. 

The  possibility  of  using  a  "storage  box"  with  suita¬ 
ble  walls  to  interrupt  the  passages  of  atoms  between  the  two  oscil¬ 
lating  fields  in  an  atomic  beam  resonance  apparatus  was  proposed  by 
Prof.  N.F.  Ramsey^^^^  and  subsequent  eDqjeriments  by  him  and  his  col¬ 
leagues  have  yielded  much  information  on  the  relaxing  and  absorbing 
properties  of  various  kinds  of  surfaces. 

b.  Alkylchloros 13a  nes 

The  merits  of  methylchlorosllane  treatments  of 
glass  stirfaces  for  the  production  of  spin-relaxation  inhibiting 
coatings  were  first  confirmed  during  the  course  of  this  work  by 
optical  orientation  experiments  in  rubidium  vapor.  This  knowledge 
was  conmunicated  privately  to  workers  in  several  laboratories  where 
subsequent  experience  has  produced  additional  evidence  for  the  use¬ 
fulness  of  the  technique. 

The  treatment  of  walls  with  such  materials  for 
the  purpose  of  atomic  physics  experiments  was  first  suggested  by 
Prof.  R.A.  Neumann  of  Princeton  University.  He  proposed  it  to  in¬ 
hibit  the  recombination  of  atomic  hydrogen  on  the  walls  of  glass 
tubing  leading  from  Wood's  discharge  regions  in  connection  with 
resonance  experiments  being  done  on  the  properties  of  atomic  hydro¬ 
gen  by  J.P.  Wittke  and  E.B.D.  Lambe  in  Prof.  Dicke's  laboratory, 
for  which  purpose  it  was  very  successful. 


FIG.  12  THERMAL  ENCLOSURE  AND  TYRICAL  GAS  CELLS. 


+  90*  PULSE  OUTPUT  OF 

-90*  PULSE  POWER  AMPLIFIER 


FIG.  13  90*  PULSE  WAVEFORMS 
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The  actual  material  uaed  was  a  mixture  of  methyltrlchlorosllane 
and  dimethyldichlorosllane  manufactured  and  sold  by  the  General  Elec¬ 
tric  Co.,  Silicone  Products  Division,  Waterford,  N.Y.  under  the  name 

"Dri-Film"  SC-77.  It  was  originally  developed  as  a  coating  for  in- 

l8L) 

sulators  to  prevent  the  formation  of  continuous  moisture  films.' 

A  variety  of  other  Dri-Film  products  to  be  applied  to  various  sub¬ 
strates,  including  metals,  fron  either  the  vapor  or  liquid  phase, 
are  available  from  G£  along  with  information  on  loses  and  techniques 
of  applying, 

Drl-Films  SC-77  and  SC-02  (pure  dimethyldichlorosllane)  were 
first  used  in  the  optical  pumping  eoqperiments .  They  are  liquids 
with  very  high  vapor  presstire,  so  that  one  can  easily  use  the  vapor 
to  form  the  wall  coating.  An  idealized  description  of  the  chemical 
process  is  indicated  in  the  following  schematic  formula: 
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The  H  atoms  are  normally  present  on  the  ooqrgen  stems  on  the 
glass  surface.  However,  after  baking  the  glass  bulb  under  vacuum, 
it  is  desirable  to  admit  some  distilled  water  vapor  to  insure  their 
presence.  The  presence  of  a  thin  film  of  water  on  the  surface  will 
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promote  linking  of  the  sllanee  along  the  eurface  and  the  formation 
of  a  layer  many  molecules  thick.  The  presence  of  too  much  water 
results  In  a  visible  cloudy  coating.  The  final  coating  should  be 
Invisible.  Excess  water  vapor  In  the  volume  of  the  cell  should  be 
avoided  and  the  unreacted  Dri-Film  vapor  should  be  flushed  out. 

The  reaction  with  the  surface  water  seems  to  be  completed  In  less 
than  a  second.  Care  should  be  taken  not  to  inhale  the  Dri-Film 
vapor  because  of  the  formation  of  HCl. 

The  vapors  may  be  Introduced  Into  the  bulb  by  means 
of  thin  glass  tubes  attached  to  a  rubber  syringe  bulb  or  by  means 
of  a  system  of  stopcocks  allowing  for  evacuation  of  the  bulb  and 
subsequent  opening  to  the  reservoirs  of  the  appropriate  vapors. 
Unfortunately  Dri-Film  reacts  with  most  stopcock  greases,  so  fre¬ 
quent  regressing  Is  necessary. 

A  test  for  a  successful  coating  before  distilling 
znibldlum  Into  the  cell  and  looking  for  optical  pumping  signals  Is 
to  admit  a  drop  of  distilled  water.  It  should  not  wet  the  surface, 
but  exhibit  a  large  angle  of  contact  and  zom  freely  about.  The 
coated  bulbe  may  be  baked  under  vacuum  at  350®C  -400®C  for  several 
hours  without  deterioration  of  the  surface. 

After  baking,  rubidium  is  distilled  into  the  neck  of 
the  bulb  in  the  usual  way.  Fi-equently  there  is  a  time  lag  before 
optical  pumping  signals  can  be  seen.  It  is  not  completely  clear 
>riiat  causes  this  behaviour.  It  may  be  connected  with  the  getter- 
ing  by  the  rubidium  of  gases  "tJvolved  during  the  sealing  off  process 
jjind  with  the  trapping  of  rubidium  atoms  in  interstices  and  imperfec¬ 
tions  of  the  surface.  Reactions  with  unhydrolyzed  chlorine  atoms  in 
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the  surface  may  also  be  taking  place.  The  time  lag  can  sometimes 
be  reduced  by  heating  the  bulb  or  even  by  driving  rubidium  into 
the  chamber  and  moving  it  around  vd.th  a  torch. 

The  pyrex  glass  vdiich  has  been  used  has  a  surface 
different  from  that  indicated  in  the  diagram  due  to  the  presence 
of  impurities  such  as  boron  and  this  doubtless  affects  the  coating. 

The  Increased  effectiveness  of  the  longer  chain 
paraffins  for  the  inhibition  of  spin  relaxation^ suggested 
the  Investigation  of  higher  alkylchlorosilanes.^^^^  These  were 
obtained  up  to  octadecylchlorosilane  (C^^gH^y)  and  applied  to  glass 
surfaces.  Ibe  vapor  pressure  of  the  higher  alkyls  decreases  rap¬ 
idly,  making  vapor  treatments  more  difficult.  However,  by  waiting 
sufficiently  long  (2  hours  for  octadecylohlorosllane)  the  vapor 
will  react  completely  with  the  water  film.  Alternatively,  a  sol¬ 
vent  such  as  toluene  can  be  used,  but  this  is  more  difficult  to 
get  into  and  out  of  bulbs  with  small  orifices  (which  are  desirable 
in  practice  to  minimize  the  relaxation  of  atoms  on  the  free  z*ubldliam 
surfaces  In  the  neck  of  the  bulb  as  compared  with  wall  relaxation) 
and  in  addition  tends  to  leave  a  waxy  deposit  which  must  be  cleaned 
off. 

Sets  of  coated  bulbs  for  comparison  purposes  were 
made  by  opening  the  tubes  leading  into  them  in  a  constant  humidity 
environment  (a  dry  box  converted  into  a  "wet  box")  after  they  were 
baked  under  vacuum  and  sealed  off,  allowing  the  humidity  to  determine 
the  thickness  of  the  surface  film  so  that  It  would  be  the  same  for 
each  bulb.  Excellent  coatings  were  achieved,  as  Judged  by  the  water 
droplet  test,  with  the  higher  alkyl  coatings  eidilbltlng  the  larger 
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contact  angles.  However,  the  optical  pumping  signals  from  all  but 
the  ethyl  coatings  were  very  poor,  some  worse  than  for  uncoated 
glass  surfaces.  The  reasons  for  this  are  not  clear.  It  may  be 
that  the  coatings  deccanposed  during  the  baking  before  distilling 
In  the  rubidium,  although  for  the  higher  alkyls  the  temperature  was 
kept  '''100®C.  The  surfaces  formed  may  be  capable  of  absorbing 
rubidium  atoms  for  a  very  long  time.  Further  studies  of  these 
coatings  should  be  conducted. 

Although  consistent  results  can  be  obtained  with 
care  on  applying  the  alkylchlorosilane  wall  treatments,  there  are 
many  Ill-understood  effects  \dilch  make  the  techniques  still  some¬ 
thing  of  a  "black  art".  Some  of  these  effects  are  doubtless  asso¬ 
ciated  with  the  complicated  nature  of  glass  siu*faces. 

Better  understood  results  can  probably  be  achieved 
by  using  very  clean  surfaces  made  possible  by  ultra-high  vacuum 
systems  and  by  careful  attention  to  the  purity  of  the  silane  and 
water  vapors  and  the  alkali  metal. 

c  .  Paraflint  Wax 

A  search  for  long  straight-chain  saturated  hydrocarbon 
waxes  led  to  a  discussion  with  Professor  J.A.  Dixon  of  the  Penn¬ 
sylvania  State  University,  the  director  of  an  American  Petroleum 
Institute  research  project  on  the  chemical  synthesis  of  pure  heavy 
paraffin  hydrocarbons,  who  suggested  the  commercial  material  Para- 
flint.^®®^  It  is  a  mixture  of  normal  paraffins  having  an  average 
molecular  weight  corresponding  to  C5QH1Q2  and  has  a  melting  point 
of  100°  C . 
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Successful  cells  were  prepared  by  distilling  In  the  Parafllnt 
and  then  achieving  a  thin  layer  by  putting  the  cell  In  an  oven,  melt¬ 
ing  the  wax  and  allowing  It  to  drain  off  the  walls  auid  out  of  the 
orifice.  It  was  not  studied  extensively,  but  has  been  used  subse¬ 
quently  by  several  research  groups. 

d.  Vydax  Fluorocarbon 

An  experimental  fluorocarbon  dispersion  having  the 

trade  name  Vydax  ,  Code  DV9233  was  furnished  by  the  research  division 

(89) 

of  the  DuPont  Company.  It  Is  a  low  polymer  of  tetrafluoroethylene 
dispersed  In  Freon-113  and  was  made  for  the  purpose  of  fomlng  a 
thin  coating  of  flurocarbon  on  various  substrates. 

It  could  be  applied  to  the  Inside  of  a  glass  bulb 
by  filling  with  the  dispersion  and  then  allowing  It  to  drain  and  dry. 
Accoi^llng  to  the  manufacturerb  Information,  such  coatings  could  with¬ 
stand  temperatures  of  265^C  before  melting. 

When  rubidium  was  distilled  Into  a  bulb  that  had 
been  baked  under  vacuum  at  150°  C  for  a  few  hoxirs,  there  was  a  tend¬ 
ency  for  the  surfaces  to  become  blackened  In  places.  No  orientation 
signal  could  be  detected  when  optical  pumping  was  tried. 

This  negative  result  Is  In  accord  with  the  experi¬ 
ence  of  the  Harvard  group  with  cesium  on  Teflon  surfaces. 

Since  the  material  was  acquired  only  d\irlng  the 
last  weeks  of  ej^rimentatlon.  It  was  not  possible  to  study  It  further. 

e.  Relaxation  Effects 

These  are  discussed  In  Section  IV  C.  Some  direct 
measuronents  of  T2  relaxation  times  were  carried  out  In  collaboration 
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with  P.L.  Bender  of  the  National  Bureau  of  Standards.  Host  meas¬ 
urements  were  of  relative  relaxation  times  as  Indicated  Indi¬ 
rectly  by  the  degree  of  optical  orientation. 

4.  Thermal  Enclosure 

Although  the  vapor  pressure  of  rubidium  at  room 
-7 

temperature  Is  about  10  mm  Hg,  giving  sufficient  density  of 
atoms  for  optical  pumping  effects ,  larger  effects  for  some  pur¬ 
poses  can  be  obtained  by  operating  at  higher  temperatures.  An 
enclosure  of  1'  thick  polyst3rrene  foam  slabs,  hsld  together  with 
1/8"  luclte  rod  skewers  made  an  effective  thermal  enclosure.  It 
was  fitted  with  optical  windows  made  of  glass  that  transmits  read¬ 
ily  in  the  near  infra  red.  Hot  air  was  blown  into  the  enclosure 
through  a  rubber  hose  covered  with  an  asbestos  sheath.  This  air 
was  supplied  from  a  commercial  hair  dryer  operated  from  a  varlac 
to  enable  the  temperature  of  the  gas  cell  to  be  varied.  It  was 
easily  p>osslble  to  reach  temperatures  of  50-60°  C,  these  being 
measured  with  an  alcohol  thermometer  Inserted  Into  the  enclosure 
near  the  gas  cell. 

It  was  necessary  to  use  no  metal  in  the  construction 
so  as  not  to  interfere  with  the  rf  or  microwave  radiation.  The  en¬ 
closure  is  shown  in  Figure  12  and  can  be  seen  in  place  in  Figure  5. 

C.  Zeeman  Resonance 

1.  Radio  Frequency  Coils 

These  were  made  fairly  large  and  of  approximate 
Helmholtz  spacing  in  order  that  the  rf  field  might  be  fairly  uni¬ 
form  over  the  volume  of  the  gas  cell.  (See  Section  II  C)  The  first 
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rf  colls  used  were  wound  over  the  Helinholtz  colls  seirvlng  to  cancel 
the  laboratory  horizontal  magnetic  field.  However,  Induced  currents 
In  these  colls  severely  reduced  the  amplitude  of  the  rf  field  which 
could  be  achieved  at  the  resonance  cell  and  the  resonance  could  not 
be  saturated.  Ihese  were  replaced  with  circular  colls  consisting  of 
10  turns  of  #14  cotton  covered  copper  wire  with  a  radius  of  10.5  cm. 
For  reasons  of  convenience  they  were  placed  14  cm  apart,  rather  than 
the  conventional  Helmholtz  spacing.  The  field  at  the  center  was  given 
by 


/3^  =  C.  '/  f  miUigauss 


and  could  be  expected  to  differ  from  this  by  no  more  than  10  percent 
over  the  volume  of  a  2"  gas  cell.  The  colls  were  connected  in  series 
by  RG5dU  50  ohm  coax  cable  to  minimize  the  distortion  of  the  field 
from  this  connection  and  were  fed  by  the  same  type  cable  through  a 
shielded  series  resistor  from  the  8  ohm  output  of  a  Heathklt  audio 
power  an^llfier  Model  W-5M  which  posessed  an  adequate  frequency  re¬ 
sponse.  The  rf  coil  circuit  was  predominately  resistive. 

A  frequency  of  100  kc/s  was  chosen  since  a  very 
stable  Loran  crystal  controlled  oscillator  at  this  frequency  was 
readily  available.  The  power  amplifier  responded  well  to  the  gated 
pulses  with  which  it  was  supplied,  as  shown  in  Figure  13  Illustrating 
the  form  of  the  pulse  supplied  to  the  colls,  indicated  by  the  voltage 
wave  fora  across  the  series  resistor. 

The  magnetic  field  in  milUgauss  needed  for  a 
90**  pulse  was  given  by  nfi^^  35 >7  where  n  is  the  number  of  cycles  of 
the  100  kc/s  field  applied.  For  n  »  10,  the  number  generally  used, 
one  needs  for  the  oscillating  field,  >dilch  Is  twice  B^,  approximately 
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7  milli^auBS.  For  a  180**  pulse  one  could  use  twice  this  value  for 
the  same  number  of  cycles  or  one  could  double  the  number  of  cycles. 
This  latter  procedure  was  followed. 

2.  D.C.  M*gnatig  Field  Configurations 
a.  Helmholtz  Colls 

The  Initial  work  and  first  demonstration  of  the 
phase  destructive  method  of  optical  detection  were  cazried  out  using 
t\io  sets  of  Helmholtz  pair  colls.  These  were  used  first  by  J.P. 
Wittke  and  later  by  T.R.  Cairver^^^  in  the  same  location.  Each 
was  about  14  Inches  In  radius  and  was  fed  from  storage  batteries 
through  a  series  parallel  combination  of  rheostats  to  enable  precise 
control  of  the  fields.  One  set  of  coils  was  oriented  and  the  current 
adjusted  to  cancel  the  horizontal  component  of  the  local  laboratory 
field,  while  the  other  set  was  used  to  reduce  the  value  of  the  ver¬ 
tical  component  of  the  local  field  to  140  miUigauss,  the  value 
of  5^  required  for  resonance  at  100  kc/s.  For  Helmholtz  pairs  the 
Inhomogenelty  along  the  cuds  Is 


^ere  r  is  the  radius,  and  4^  is  measured  from  the  center,  a  sim¬ 
ilar  e;q>resslon  holding  off-axis.  This  would  predict  an  inhcmogenelty 
of  about  10“^  for  a  2  inch  diameter  gas  cell  if  only  the  coils  them¬ 
selves  contributed.  Unfortunately  local  ferromagnetic  materials 
around  the  laboratory  contribute  to  a  much  larger  Inhomogenelty: 

~10~^  as  determined  from  the  width  of  the  100  kc/s  resonance,  which 
was  about  1000  cps.  Another  indication  of  the  large  inhomogenelty 
was  the  impossibility  of  preservdng  phase  memory  between  90®  pulses 
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beyond  a  time  interval  of  2  milliseconds,  even  vdth  one  180®  pulse 
interposed. 

Another  configuration  was  adopted  in  an  attempt  to 
remove  this  difficulty  and  is  described  below. 

b.  Shielded  Solenoid 

Laboratory  sources  of  magnetic  fields  produced 
the  large  Inhomogeneitiee,  so  it  was  decided  to  shield  the  region 
of  the  gas  cell  from  their  Influence  and  to  produce  the  desired  field 
by  controlled  currents  in  an  appropriate  coll  configuration  designed 
to  give  the  required  homogeneity  as  computed  in  Section  II  C  6 • 

Several  shielding  geometries  were  seriously  con¬ 
sidered  including  the  use  of  large  Armco  iron  slabs  around  the  out¬ 
side  of  the  Dexlon  framework  keeping  the  same  Helmholtz  coils  or 
several  concentric  munnetal  cylinders  surrounding  a  solenoid. 

A  large  amount  of  k  inch-  by  U  mil  moly-permalloy 
strip  was  available  in  the  laboratory  which  had  been  acquired  ear¬ 
lier  for  the  purpose  of  magnetically  shielding  a  gravitational  ex¬ 
periment  but  never  used,  so  it  was  decided  to  build  a  large  sole¬ 
noid  and  wrap  it  with  this  material.  The  magnetic  characteristics 
of  the  A-79  Mo-Permalloy  are  shown  in  Figures  14  and  15. 

The  soleonold  was  wound  under  tension  on  a  form 
of  thick  cardboard  1  meter  long,  10  Inches  inside  diameter  with 
thick  walls.  The  winding  consisted  of  a  single  closely  spaced  layer 
of  1200  turns  of  #20  wire  Insulated  with  heavy  formvar  having  a  total 
resistance  of  30  ohms.  The  winding  was  greatly  facilitated  by  the 
use  of  a  large  lathe.  Figure  16  shows  the  ccsnpleted  winding  before 
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the  magnetic  shielding  was  applied,  and  a  section  of  the  permalloy 
strip.  A  layer  of  wide  thin  yellow  mylar  pressure  sensitive 
tape  was  applied  to  hold  the  winding  In  place  before  proceeding 
with  the  shielding. 

The  first  three  layers  of  magnetic  shielding  were 
each  formed  of  11  pieces  of  the  A"  by  4  mil .  strip  slightly  shorter 
than  the  solenoid  form.  They  were  arranged  in  Venetian  blind  fashion 
with  1"  overlap  and  wound  with  a  layer  of  yellow  mylar  tape, followed 
by  a  layer  of  black  electrical  tape  to  Increase  the  separation  between 
successive  shielding  layers.  Such  separation  Is  desirable  for  better 
shielding. 

The  four  outer  layers  of  shielding  were  wound  in 
spiral  fashion,  the  second  layer  being  centered  over  the  butt  Joints 
made  by  successive  turns  of  the  first  layer,  and  the  whole  wound  with 
black  tape.  The  third  and  fourth  layers  were  wound  in  the  same  way 
but  with  the  opposite  hellclty  and  were  secured  with  a  final  layer  of 
yellow  nylar  tape. 

The  completed  shielded  solenoid  can  be  seen  In 
place  In  Figure  6.  The  application  of  so  many  layers  under  tension 
on  the  lathe  caused  the  cross-section  to  be  very  accurately  circular, 
although  uniformity  of  cross-section  along  the  length  Is  all  that  Is 
requla?ed  for  field  homogeneity. 

The  effectiveness  of  the  shielding  was  measured 

with  an  electronic  fluxmeter^^^^,  and  found  to  be  not  as  good  as  had 

been  hoped.  The  reduction  of  a  field  at  right  angles  to  the  axis  of 

-3 

the  solenoid  was  by  a  factor  ^  3  x  10  .  The  reduction  factor  for 

_2 

fields  along  the  axis  was  3  x  10  . 
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The  internal  field  at  the  center  produced  by  such 
a  shielded  solenoid  is  expected  to  be  Just  that  of  an  unshielded  so¬ 
lenoid,  the  shielding  simply  providing  a  path  for  the  external  flux. 
This  was  found  to  be  Indeed  the  case  with  the  field  given  by 

=  /  S,  I  ?  milligauss  in 

as  given  by  the  gecmetry  and  confirmed  by  measurement  of  the  100  kc/s 
resonance  is  Rb^  at  143  milligauss  for  i  =  9.5  ma.  There  was  some 
residual  field  produced  by  the  shield,  for  reversal  of  the  field 
direction  required  a  current  differing  from  this  by  about  5^.  De¬ 
magnetization  was  attempted  by  energizing  the  coil  with  60  cps 
current  and  reducing  the  current  to  zero,  but  it  was  unsuccessful. 

Ihe  current  was  provided  by  a  transistorized 
constant  current  source  designed  for  the  purpose.  Very  fine  control 
was  provided  by  a  ten  turn  hellpot.  It  was  also  possible  to  supply 
the  current  directly  from  a  storage  battery  through  a  series-parallel 
connection  of  variable  resistors  for  fine  control.  'Die  circuits  ax^ 
shown  in  Diagram  4> 


c.  Time  Varying  Fields 

The  presence  of  magnetic  fields  changing  at  60  ops 
and  higher  harmonics  of  this  frequency  was  a  continuous  source  of 
annoyance,  although  it  was  used  as  a  modulation  source  in  some  of  the 
experiments  (See  Sections  II  C  8  and  IV  A)  when  it  proved  difficult 
to  compensate  it.  Another  magnetic  field  at  >^20  cps  was  frequently 
present  frcm  a  model  magnet  being  studied  by  the  physicists  and  en¬ 
gineers  associated  with  the  Princeton-Pennsylvanla  Accelerator  In  a 
laboratory  about  fifty  feet  a^vay.  This  field  was  about  six  to  ten 
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times  the  60  cycle  field,  depending  on  the  amount  of  use  of  various 
pieces  of  equipment  In  the  laboratory. 

It  had  been  hoped  that  the  shielded  solenoid 
described  above  would  shield  these  time  varying  fields  effectively. 
However,  they  were  reduced  by  only  a  faster  of  3-4  In  the  longi- 
tudlzial  direction  for  which  they  were  most  serious  under  Zeeman 
resonance  conditions.  Accordingly  acme  attempts  were  made  to  com¬ 
pensate  them  at  the  position  of  the  resonance  cell. 

Using  a  pickup  coll  at  the  position  of  the  gas 
cell,  one  could  acquire  a  signal  depending  on  the  time  varying  mag¬ 
netic  field  and  use  It  to  vary  the  currant  In  the  main  solenoid  so 
as  to  Just  cancel  this  time  varying  field  by  the  use  of  appropriate 
feedback  circuits. 

A  coll  was  made  consisting  of  2650  turns  of  #36 
wire  woiuid  on  a  form  having  an  average  diameter  of  9"  and  a  re¬ 
sistance  of  2600  ohms.  The  coll  was  wrapped  with  thin  copper  tape 
for  electrostatic  shielding  purposes.  Ihe  coll  constant  NA  was  such 
as  to  give  an  rms  voltage  of  1  millivolt  for  an  rms  60  cycle  field 
of  ^  mllllgauss,  which  was  a  typical  value  for  this  type  of  field 
at  the  center  of  the  solenoid. 

The  voltage  output  of  the  coil  was  amplified  by 
about  1000  by  a  chopper  stabllllzed  d-c  amplifier  made  by  KLectro- 
inetruments,  Inc.,  having  an  equivalent  input  noise  of  -^lO^v 
between  0  and  50,000  cps  and  posessing  a  very  low  drift  rate.  Be¬ 
cause  of  a  quirk  in  the  design  >dilch  used  the  Internal  resistance 
of  the  source,  this  could  not  exceed  3000  ohms.  The  output  of  the 
d-c  amplifier  was  fed  into  an  integrator  made  from  a  Fhilbrick 
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chopper  stabilized  operational  amplifier  having  a  time  constant 
sufficient  for  good  Integration  down  to  1  cps.  The  Integrated 
output  was  amplified  by  another  Fhllbrlck  operational  amplifier 
using  resistive  feedback.  The  circuits  are  given  In  Diagram  5* 

Difficulty  was  experienced  In  producing  a  time 
varying  current  In  the  solenoid  coll  proportional  to  the  time  vary¬ 
ing  ccmponent  of  magnetic  field  as  obtained  from  the  Integrator  by 
Incorporating  a  fast  feedback  loop  Into  the  constant  current  source 
already  constructed.  Although  such  a  combination  of  a  varying  cur¬ 
rent  for  cancellation  of  the  time  varying  external  magnetic  field 
superposed  on  an  average  current  Is  certainly  possible,  practical 
difficulties  associated  with  the  earlier  design  which  had  not  an¬ 
ticipated  this  feature  prevented  the  time  varying  fields  from  being 
reduced  beyond  a  factor  2  or  3  before  oscillations  in  the  feedback 
circuit  built  up.  Because  of  the  press  of  time  and  the  desire  to 
perfom  experiments  which  were  not  prevented  from  accomplishment 
by  the  time-varying  field,  the  appropriate  new  circuitry  Incorporat¬ 
ing  the  frequency  dependence  to  avoid  the  Nyqulst  oscillations 
was  not  built. 

A  much  simpler  way  to  suppress  the  externally 
produced  time  varying  field  v'ould  be  to  have  several  Independent 
solenoid  windings.  Che  could  be  used  to  produce  the  desired  d-c 
field.  Another  could  produce  the  time  varying  field  designed  to 
cancel  the  externally  produced  field,  deriving  Its  cxirrent  from  an 
amplifier  driven  by  the  Induced  voltage  In  a  third  coll.  It  Is  not 
necessary  to  Integrate  this  voltage  to  get  a  signal  proportional  to 
the  time  varying  field,  for  one  can  simply  require  In  the  feedback 
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circuit  that  the  induced  voltage  be  reduced  to  zero  (i.e.  to  the  input 

noiee  level  of  the  amplifier).  Such  a  flux  etabilization  worked  well 

f91) 

on  a  Vardan  magnet  in  this  laboratory. 

3>  Radio  Freouenoy  Puleee 
a.  Cirouite 

The  firat  ayatem  uaad  to  give  two  90"  pulaea  aepa- 
ratad  by  a  time  interval  will  be  deaoribed  but  only  given  in  block 
diagram  form  ainoa  it  lacked  flexibility  for  asqperlmantation  and  waa 
replaced  by  the  olroulta  to  be  deaoribed  below.  For  aoete  of  the 
olreutta  auoh  aa  fUp-flopa  and  me-ehot  nultivlbratora,  oonneroial 
unite  made  by  Eeoo  ware  aoq^ired  and  adapted. 

The  block  diagram  of  the  arrengamant  of  the  varloua 
olroulta  la  ahown  In  Olagrom  6.  The  flret  pulae  ahould  produoe  a  90" 
rotation  of  the  apln  ayatem  and  the  eeoond  pulae  ahould  produoe  the 
Inverae  90*  rotation.  Thla  oan  be  aooooqpUahed  by  tuning  the  fre- 
quenoy  end  nagnetio  field  for  exaot  reaonanoe  and  having  the  eeoond 
pulae  identical  to  the  firat  except  that  it  la  180"  out  of  phaae,  or 
by  having  the  pulaea  identical  and  detuning  allghtly  from  exact  rea- 
onance.  Thla  latter  method  waa  choaen  for  the  flret  attempt,  whereaa 
later  circuit a  used  the  former  method. 

In  order  to  achieve  exactly  similar  pulses  the 
starting  time  of  the  pulses  is  determined  by  a  pre-set  electronic 
counter  which  counts  a  given  number  of  cycles  of  the  Zeeman  frequency 
and  then  triggers  the  appropriate  circuits. 

The  sequence  of  operations  is  as  follows.  A  low 
frequency  function  generator  operating  at''<'30  cps  (this  frequency  to 
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ba  reduced  ae  the  experiment  proceeds)  provides  an  initiating  pulse 
and  also  a  square  wave  reference  signal  for  a  look-in  enq>lifler. 

The  Initiating  pulse  triggers  a  binary  which  actuates  a  relay  which 
turns  on  the  pre-set  counter.  After  1000  cycles  of  the  Zeeman  fre¬ 
quency  from  a  continuously  z*unnlng  oscillator  (  ^  200  kc/s,  this 
frequency  being  reduced  to  100  kc/s  later)  a  pulse  is  obtained  which 
is  shaped  end  applied  to  a  one-shot  multivibrator  and  also  to  a  sec¬ 
ond  binary.  The  pulse  from  the  one-shot  multivibrator  opens  a  ped¬ 
estal  compensated  gate  idilch  lets  pass  a  pulse  of  the  Zeesian  frequency 
from  the  oscillator.  This  pulse  is  sent  to  a  power  anplifler  and  pro¬ 
duces  the  desired  pulse  of  current  in  the  rf  colls. 

After  snother  1000  cycles  an  Idsntloal  pulse  is 
formed  in  the  same  way.  However,  the  process  stops  here  for  the 
output  pulse  from  the  second  binary  actuates  the  first  binary  and 
opens  the  actuating  relay  for  the  pre-set  counter,  turning  it  off. 

!Ihe  system  worked  very  reliably,  after  remedying 
electronic  dlfflcviltles  in  the  lock-in  aa^lifler  and  in  the  pre-set 
counter.  The  tine  interval  between  the  pulses  could  be  changed  by 
changing  the  number  set  on  the  counter,  which  could  be  10^  or  10^ 
or  10^,  and  also  by  changing  the  frequency  of  the  oscillator.  The 
variable  frequency  oscillator  used  was  not  very  stable,  so  the  Loran 
crystal  controlled  oscillator  at  100  kc/s  was  incorporated  into  the 
system.  The  lock-in  anq>llfler  was  sensitive  to  60  end  120  cps  signals 
and  since  these  were  large  in  the  optical  detection  signal  for  the 
Zeeman  resonance  because  of  the  presence  of  time-varying  magnetic 
fields  at  these  frequencies,  it  was  necessary  to  construct  a  low 
pass  filter  containing  also  twin  T  rejection  networks  at  60  cps  and 
120  cps. 
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A  desire  to  Interpose  ISO**  pulses  to  combat  the 
field  Inhomogenelty  as  described  In  Section  II  C  7  and  the  need  for 
more  flexible  pulse  programming  to  be  used  with  the  light  source  and 
with  the  microwave  resonance  led  to  the  design  of  a  new  digital  tim¬ 
ing  system  described  below. 

b.  Digital  Circuits 

Considerable  thought  was  given  to  a  type  of  flex¬ 
ible  timing  system  that  might  be  assembled  at  moderate  expense.  Ihs 
most  promising  system  seemed  to  conelst  of  a  sequence  of  decade 
scalars  (without  feedback)  and  many  multllegged  coincidence  circuits 
so  that  a  pulse  could  be  obtained  at  any  desired  time  in  the  cycle 
of  the  cascaded  decade  counters,  one  leg  of  each  coincidence  circuit 
going  to  a  position  in  each  of  the  decades.  The  minimum  time  inter¬ 
val  between  pulses  with  such  a  system  would  be  detennlned  by  the  rate 
of  driving  the  fastest  decade.  Che  needs  decades  which  will  allow 
a  number  of  legs  from  different  ooinoidence  circuits  to  be  placed  in 
the  same  digital  position.  This  last  requlremsnt  rules  out  the  easy 
use  of  commercial  decade  single  tube  counters,  for  a  vacuum  tube 
amplifier  or  cathode  follower  would  have  to  be  added  for  each  digital 
position  on  each  decade. 

A  satisfactory  solution  was  fo\md  In  some  of  the 
flexible  pulse  programming  equipment  offered  commercially  by  the 
Navigation  Conqnitor  Company  (Navcor)  all  of  which  utilizes  transistor 
circuits.  The  basic  unit  was  a  shift  register,  consisting  of  ten 
binaries  so  connected  that  upon  receipt  of  an  advance  pulse  the  state 
of  each  binary,  "0"  or  "1"  is  transferred  to  the  next  one.  ^  in¬ 
serting  a  "1"  In  one  position  and  Interconnecting  the  last  and  the 
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firsts  one  has  a  decade  scaler.  Each  of  the  binaries  was  fitted 
with  a  transistor  current  amplifier  leading  to  an  output  Johnson 
pin  jack,  either  "0"  or  "1"  (”!"  =-lD  volts)  being  available. 

Diode  coincidence  circuits  of  the  Rossi  type  as  shown  In  Diagram 
7  were  made  for  use  with  these  shift  registers.  Navcor  also  sup¬ 
plied  three  legged  transistor  coincidence  circuits,  a  set  of  ten 
of  these  on  one  chassis  being  acquired.  Two  decade  scalars  were 
obtained  for  the  high  speed  and  low  speed  scaling  without  provision 
for  coincidence  clrciilts,  along  with  a  transistorized  power  supply 
to  energize  the  entire  unit.  A  view  of  the  unit  can  be  seen  in 
Figure  8.  Ibe  maze  of  wires  Is  needed  for  the  pulse  sequence  de¬ 
scribed  below,  but  It  was  quite  easy  to  program,  a  number  of 
multiple  connections  having  been  made  with  Johnson  pln-Jacks  after 
the  manner  of  power  distribution  panels.  New  arrangements  could 
be  made  by  simply  replugging  leads.  The  low  impedance  of  the 
circuits  presented  interference  from  pick-up  and  cross-talk.  Some 
of  the  relevant  circuits  are  given  in  Diagram  7. 

Ihe  first  decade  scaler  contained  a  pulse  shap¬ 
ing  circuit  so  that  It  could  be  driven  by  a  sinusoidal  wave  form 
obtained  from  the  Loran  crystal  controlled  oscillator  at  100  ko/eec. 
Pulses  were  obtained  to  open  and  close  transmission  gates  to  allow 
this  same  100  kc/sec  signal  to  be  applied  to  the  power  amplifier 
and  thence  to  the  rf  colls.  The  use  of  the  same  signal  for  both 
purposes  means  that  the  pulse  sequence  will  be  Identical  from  one 
repetition  to  the  next  as  to  phase. 
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c.  Transmlaalon  Gatea 

The  requlrementa  of  rapid  operation,  no  pedeatal, 
and  low  leakage  In  the  non-tranamlttlng  poaltlon  were  achieved  by 
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ualng  a  combination  of  6-dlode  gatea.  Solid  atate  dlodea  were 
uaed  and  at  100  kc/a,  feedthrough  waa  aufflclently  aerloua  for  a  long 
Interval  between  90"  pulaea  that  a  eecohd' £i.i^iode'^ate  waa  uaed  to 
shunt  the  output  of  the  first  gate.  The  circuits  are  given  In  Dla^ 
gram  8.  The  voltage  change  for  the  6-dlode  gatea  was  supplied  from 
a  vacuum  tube  binary,  as  shown  In  Diagram  8  a.  After  being  opened 
by  a  pulse  on  one  grid,  another  pulse  was  required  on  the  other  grid 
to  close  the  gate.  The  actuating  pulses  came  from  the  coincidence 
circuits  described  above  and  were  fed  onto  the  grids  of  the  binary 
through  a  diode  mixer  to  avoid  Interactions  among  the  many  coinci¬ 
dence  circuits,  as  shown  In  Diagram  8  a.  Input  to  the  gate  was  by 
means  of  a  vacuum  tube  cathode  follower  as  was  the  output  from  the 
gate,  as  shorn  in  Diagran  8  b .  The  individual  gates  were  incorporated 
into  3  tube  vector  boxes. 

Two  Identical  transmissions  gates  were  constructed, 
the  100  kc/sec  signals  with  which  th^  were  fed  differing  In  phase 
by  180",  thus  enabling  the  second  90"  pulse  to  be  exactly  180"  out 
of  phase  with  the  first.  The  180"  phase  splitting  was  obtained  from 
a  difference  amplifier,  the  large  cathode  insistence  ^or  this  "long- 
tall  pair"  being  obtained  from  an  n-p-n  transistor  acting  as  a  cur¬ 
rent  cource.  Provision  was  made  for  shifting  the  phase  of  the  100 
kc/sec  signal  fed  to  the  digital  timing  circuits  with  respect  to  that 
fed  to  the  transmission  gates  in  order  that  the  initial  phase  of  the 
pulses  could  be  controlled.  I^ovislon  was  also  made  for  attenuating 
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these  two  signals  Independently,  for  the  pulse  shaping  circuit  of 
the  digital  timing  array  worked  satisfactorily  only  for  a  narrow 
range  of  amplitudes.  !^ese  circuits  are  shown  in  Diagrams  9  a  and  9  b. 

4.  Response  of  Oriented  Atoms  to  Pulses 
a.  Adjustment  for  Desired  Rotation 

The  analysis  given  in  Sections  II  B  and  II  C  shows 
that  the  change  in  the  optical  absorption  of  a  beam  of  radiation 
in  the  ^-direction  when  an  oriented  assemblage  produced  by  this  beam 
is  rotated  by  an  angle  ^  about  an  axis  in  the  x-y  plane  is  precisely 
the  same  as  that  resulting  from  free  precession  modulation  of  a  beam 
in  the  x-y  plane,  provided  one  takes  proper  account  of  the  opposite 
g-faetors  for  the  F  =  1  and  F  =  2  states.  When  the  rotation  is 
caused  by  an  oscillatory  rf  field  B^,  the  effective  oscillator  strength 
as  a  function  of  ^  is 

“ '  iT  ’^1' *  ti^7  ■ 

vdiere  the  N^refers  to  the  populations  before  the  pulse  (  4^^-  -  fa  ). 

The  maximum  change  is  obtained  for  ^  . . . . (2n  +  1) . 

Ihe  timing  pulse  program  was  arranged  to  obtain  a 
90°  pulse  by  opening  the  gate  for  10  periods  of  the  100  kc/sec  rf 
signal.  By  starting  from  zero  amplitude  one  can  increase|3  by  increas¬ 
ing  the  rf  amplitude  idiile  obsexnring  the  rise  and  fall  of  the  optical 
transmission  signal  in  response  to  the  pulse.  Ihe  first  maximum  cor¬ 
responds  to  ^  =  TT  and  the  amplitude  for^=  ^/2  is  easily  obtained  by 
reducing  the  amplitude  until  the  change  in  the  optical  transmission 
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signal  is  i  that  for  ^  =  TT.  Pulses  for  180®  rotations  to  be 
Interposed  between  the  +90®  and  -90®  pulses  were  obtained  by  open 
Ing  one  of  the  gates  for  20  cycles  at  the  appropriate  tijne,  and 
using  the.  same  amplitude  of  rf  field  for  all  pulses. 


b.  Measurement  of  "l£«gltudin§l"  Rei *»*tlon  Time 
The  change  in  optical  transmission  following  a 
180®  pulse  Is  a  measure  of  the  degree  of  orientation  achieved,  as 
shown  by  equation  (1)  In  the  preceding  paragraph.  For  the  same 
light  Intensity  such  changes  for  different  bulbs  give  a  measure  of 
the  relative  orientations.  The  orientation  achieved  will  depend  on 
the  ratio  ^  of  optical  pumping  time  P  to  relaxation  time  T  as 
given  In  Section  II  A  8  and  In  Appendix  £.  T  is  here  a  "longitudi¬ 
nal"  relaxation  time,  affecting  populations.  Although  the  relation¬ 
ship  between  T  and  the  orientation  achieved  In  this  way  is  not  linear, 
a  crude  relative  measurement  of  such  times  Is  readily  achieved. 

Better  values  could  be  found  using  the  computer  solutions  of  the 
optical  pumping  equations  as  discussed  in  Section  II  A  8  and  Appen¬ 
dix  E. 


This  method  was  used  to  obtain  a  measure  of  rela¬ 
tive  relaxation  times  for  various  wall  coatings  and  the  results  are 
given  in  Section  IV  C. 


c.  Measurement  of  "Transverse"  Relaxation  Times  Tg 
A  value  of  the  relaxation  time  T2,  which  is  a 
characteristic  time  for  atoms  to  lose  their  relative  phase  relations, 
can  be  obtained  by  monitoring  the  decay  of  the  envelope  of  the  Larmor 
frequency  using  the  transmission  modulation  of  a  beam  of  vT  light. 
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This  detection  light  beam  should  be  so  weak  that  the  optical  pump¬ 
ing  time  associated  with  it  is  much  longer  than  the  Q  -folding  decay 
time  of  the  envelope. 

It  is  essential  in  such  an  experiment  that  the  mag¬ 
netic  field  be  sufficiently  homogeneous  that  no  spurious  decay  time  re¬ 
sults  from  the  inhcxnogenelties ,  as  described  in  Section  II  C  6. 

Some  experiments  of  this  sort  were  carried  out  in 
collaboration  with  P.L.  Bender  of  the  National  Bureau  of  Standards 
using  the  facilities  of  the  U.S.  Coast  and  Geodetic  Survey  Magnetic 
Observatory  at  Fredericksburg,  Virginia.  A  single  beam  of  radi¬ 

ation  was  oriented  at  45°  with  respect  to  a  weak  homogeneous  field  of 
a  few  milligauss*  corresponding  to  a  precession  frequency  of  a  few 
kilocycles  per  second,  and  at  45°  to  an  rf  field  used  to  apply  a  pulse 
to  tip  the  oriented  atoms,  initiating  the  free  precession.  It  is 
clearly  not  necessary  to  rotate  through  90°  in  order  to  observe  mod¬ 
ulation  at  the  Larmor  precession  frequency. 

The  results  of  some  measurements  of  this  type  on 
bulbs  having  alkylchlorosilane  wall  coatings  are  given  in  Section  IV  C. 

D.  Hyperfine  Resonance  Between  States  (2.0)  and  (1,0) 

1.  Klystron  Stabilization 

a.  Earlier  System  and  Modifications 

The  system  for  stabilizing  the  Varlan  X-26D 
klystron  by  phase  locking  it  to  the  1367th  hafmonlc  of  a  5  Mo/sec  crystal 
controlled  oscillator  differed  only  in  minor  ways  from  the  system  de¬ 
scribed  in  i^eferehce  (1)  which  was  an  adaptation  to  higher  frequencies  of 

(93) 

a  circuit  described  by  C.  L.  Searle  .  A  block  dl&graih  is  shown  in 
Diagram  1  and  several  critical  circuits  are  reproduced  here  in  Diagrams 
10  a  through  10  e. 
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Since  there  was  no  need  for  a  30  Hc/sec  offset  , 
a  new  crystal  cut  to  4*99996  Mc/sec  was  acquired  to  replace  the 
4.999250  Mc/sec  crystal,  using  the  same  circuits  however.  Slight 
retunlng  of  the  resonant  circuits  In  the  IF  strip  and  phase  lock 
system  was  necessary  to  use  an  Intermediate  frequency  of  250  kc/sec 
rather  than  200  kc/sec.  In  the  later  stages  of  the  woi^c  an  ultra¬ 
stable  5  Me  oscillator  (to  be  described  below)  was  kindly  made  avail¬ 
able  by  Or.  E.  Hafner  of  the  Signal  Corps  Research  and  Development 
Laboratory  whose  use  required  slight  additional  retunln 's . 

Since  1367  Is  a  prime  harmonic  of  5  Mc/sec,  It  was 
found  that  an  Improvement  In  the  strength  of  the  phase  lock  system 
could  be  achieved  by  mixing  on  the  multiplier  czystal  some  5  Mc/sec 
signal  directly  from  the  oscillator  along  with  the  40  Mc/sec  from 
the  electronic  multiplier.  This  signal  was  fed  through  a  series 
tuned  circuit  so  as  to  present  a  high  Impedance  for  other  frequencies. 
Before  doing  this  It  was  necessary  to  rely  on  some  fundamental  fre¬ 
quency  being  present  in  the  output  of  the  5  to  40  Mc/sec  multiplier. 

b.  Locking  Procedure 

Care  had  to  be  exercised  in  locking  to  the  correct 
harmonic.  This  could  generally  be  measured  by  means  of  a  microwave 
wavemeter  in  combination  with  a  crystal  and  microammeter  loosely 
coupled  to  the  klystron.  The  wavemeter  could  easily  be  read  to  5 
Mc/sec.  However,  much  time  was  lost  in  searching  for  the  0f->0  res¬ 
onance  using  the  phase  destruction  scheme  because  the  wavemeter  was 
reading  in  error  by  10  Mc/sec.  The  appropriate  correction  was  found 
by  measuring  the  frequency  directly  using  a  Hewlett-Packard  transfer 


XTAL  controlled  SMC  OSCILLATOR 


XTAL  OVEN  CONTROL  AMPLIFIER 


o 

«  z 
O  O 

H 

og 

liJ 

z  o 

3  liJ 
H  Z 
3 

J  »- 

1  CM 
O  -I 


UJ 

K 

i 

in 

(/> 

z 

c 

O  3 
S  I- 
O  CM 
▼  . 
«  X 
O  O 
•-  C 
O  ^ 

z  < 

3  >- 


< 

O 


>- 

e 

s  o 
•  o 

(t  UJ 

0.  <n 

33 


u 

S 

m 


5-40MC/SEC.  MULTIPLIER 


DIA6WAM  lO-D 


BALANCED  PHASE  SENSITIVE  DETECTOR 


III-36 


oscillator  which  responded  to  6835  Mc/sec  although  this  was  above 
its  nominal  range. 

Caution  also  had  to  be  taken  in  locking  on  the 
right  side  of  the  1367th  harmonic  with  the  interpolation  oscillator, 
its  frequency  needing  to  b.e  subtracted  from  the  harmonic  frequency  to 
give  the  klystron  frequency.  The  condition  of  phase  lock  was  main¬ 
tained  by  using  a  Lissajous  pattern  between  the  IF  difference  fre¬ 
quency  and  the  frequency  of  the  interpolation  oscillator  as  displayed 
on  a  3  inch  oscilloscope.  At  times  the  lock  was  very  precarious  and 
constant  adjustment  of  the  reflector  voltage  was  necessary  to  keep  the 
klystron  locked.  Frequent  adjustment  of  multiplier  crystal  bias  and 
5  Mc/sec  signal  amplitude  was  also  needed. 

c.  Ultra  Stable  Oscillator 

Observation  of  narrow  resonance  lines  requires 
high  stability  In  the  frequency  being  used  to  scan  the  line  during 
the  time  of  scanning.  Since  it  was  hoped  that  widths  of  less  than 
10  cps  might  be  observed,  a  5  Mc/sec  crystal  oscillator  having  a 
stability  of  at  least  10~^^  over  seconds  was  required.  An  oscil¬ 
lator  that  had  given  evidence  of  stabilities  of  10~^  over  a  few 
seconds  was  kindly  lent  by  Dr.  £.  Hafner  of  the  Signal  Corps  Lab¬ 
oratories.  It  had  been  constructed  by  him  in  connection  with  ex¬ 
periments  on  stabilizing  crystal  oscillators  using  feedback  circuits 
of  the  type  employed  in  passive  atomic  frequency  standards,  crystals 
of  very  good  short  terra  stability  being  combined  with  crystals  of 

very  low  drift  rate.  The  circuits  are  similar  to  those  developed  by 

(37) 

Warner  and  Smith  at  the  Bell  Telephone  Laboratories  under  contract 


with  Dr.  Hafner's  group  at  the  Signal  Corps. 

Physically  the  crystal  Is  located  In  a  brass 
cylindrical  can  designed  to  be  Immersed  In  a  commercial  thermally 
stabilized  oil  bath  and  Joined  to  the  chassis  containing  the  cir¬ 
cuits  by  three  l/8"  diameter  stainless  steel  tubes  containing  the 
leads.  It  required  Input  voltages  of  150  V  dc,  highly  stabilized, 
and  a  stabilized  filament  voltage  of  6.6  v,  producing  a  5  Mc/sec 
signal  at  0.3  volts.  This  was  not  sufficient  to  drive  the  klystron 
phase  lock  system  so  It  was  amplified  bj'  a  Tektronix  121  amplifier 
to  2  volts  before  being  Introduced. 

A  commercial  thermally  stabilized  bath  of  the  type 
for  which  the  oscillator  was  designed  was  not  available,  so  one  was 
made  using  a  large  Dewar  flask  containing  Prestone  anti-freeze,  which 
has  a  high  boiling  point  and  a  large  specific  heat.  Heat  was  sup¬ 
plied  from  a  blade  heater  actuated  by  a  mercury  thermometer  contact 
and  external  transistorized  relay.  A  motor  driven  stirrer  was  used 
to  mix  the  bath.  This  thermal  control  apparatus  was  borrowed  frc»n 
the  Princeton  Chemistry  Department,  and  served  to  keep  the  temperature 
constant  to  within  0.01®  C  over  minutes.  During  actual  measurements 
the  stirrer  was  disconnected  for  fear  of  vibrations  causing  fre¬ 
quency  shifts  although  these  were  not  severe  and  there  was  no  actual 
evidence  for  such  an  effect. 

The  crystal  frequency  was  monitored  as  a  function 

of  temperature  using  a  Berkeley  frequency  counter  and  found  to  have 

its  minimum  around  77°  C  at  4.9999910  Mc/sec.  The  frequency  as  moni- 

-8 

tored  on  the  counter  would  stay  within  2  x  10  ,  the  limit  of  meas¬ 

uring  precision,  over  minutes  but  there  was  scanetimes  a  drift  of 
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5  X  10  over  an  hour.  It  was  known  before  obtaining  it  that  the 
crystal  oscillator  suffered  from  a  large  drift  rate,  this  being 
the  price  paid  for  good  short  term  stability. 

The  oscillator  in  its  thermal  bath  can  be  seen 

in  Figure  7. 


2.  Frequency  Measurement 

In  the  early  stages  of  the  work  a  system  of  monitor¬ 
ing  the  Loran  100  Icc/sec  crystal  oscillator  with  respect  to  trans¬ 
missions  of  WWV  was  used,  as  described  in  refarenbe  (1).  ' 

However  the  loan  by  the  Signal  Corps  of  a  National  Company  Atomlc- 
hron,  NAFS-1,  No.  9,  cesium  beam  atomic  frequency  standard,  and  the 
acquisition  by  the  laboratory  of  a  Hycon-Eastem  1  Mc/sec  crystal 
controlled  oscillator  simplified  the  frequency  measurements  con¬ 
siderably.  Several  techniques  were  possible.  One  could  use  the  1 
Mc/sec  output  of  the  Atomlchron,  certainly  accurate  to  better  than 

_9 

10  ,  as  an  external  timing  source  for  a  Berkeley  crystal  controlled 

—ft 

counter,  a  precision  in  measuring  the  5  Mc/sec  crystal  of  2  x  10~ 
being  possible  in  a  10  second  count.  Frequently  the  Atomlchron  was 
used  to  monitor  the  drift  rate  of  the  Hycon  1  Mc/sec  oscillator, 
this  being  offset  slightly,  and  the  two  signals  compared  in  a  tran¬ 
sistorized  phase  detector  shown  in  Diagram  11.  The  Hycon  oscillator 
displayed  drift  rates  of  less  than  10"^^  per  day.  It  could  then  be 
used  as  the  timing  base  for  the  Berkely  counter  rather  than  the 
Atomlchron  itself,  the  Atomlchron  being  used  only  occasionally  to 
check  the  crystal  frequency. 
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Hie  presence  of  the  Atomlchron  was  indispensable 
to  an  experiment  on  gravitation  carried  out  by  W.F.  HofAnann  idilch 
required  monitoring  the  period  of  a  high  frequency  (^^22  cpe)  grav¬ 
itational  pendulum  during  the  course  of  a  year. 

During  the  last  several  months  of  the  investigation, 

the  Atcmlchron  was  required  by  the  Signal  Corps  for  use  in  experiments 

(95) 

on  the  world  wide  synchronization  of  atomic  clocks  (WOSAC)  and 

was  subsequently  lent  to  Harvard  for  use  in  the  hydrogen  maser  Investl 
(96) 

gatibns.-  '  Reliance  on  the  measurements  of  hyperfine  line  shifts 
due  to  wall  coatings  was  then  placed  on  the  continued  stability  of 
the  Hycon  oscillator. 

During  the  WOSAC  experiments  a  133  l/3  kc/sec 
atomlchron  stabilized  signal  was  radiated  from  the  Signal  Corps  Lab¬ 
oratories  at  Fort  Monmouth,  about  50  miles  from  Princeton.  Using 
simple  receiving  circuits  consisting  of  an  antenna,  tuned  circuits 
and  an  amplifier,  the  signal  was  recognized  by  comparing  it  with  the 
100  kc/sec  signal  from  the  Atomlchron  before  it  was  removed,  a  stat¬ 
ionary  llssajous  pattern  resulting.  However,  the  reception  was  not 
always  good,  the  signal  was  propagated  only  at  certain  times,  and 
daring  the  last  months  of  investigation  was  not  available,  so  that 
the  method  was  not  effective  as  a  replacement  for  the  Atomlchron, 
although  in  principle  it  could  have  been. 

The  internal  crystal  of  the  Berkeley  counter  was 
adjusted  frequently  to  agree  with  the  Atomlchron  or  the  Hycon  oscil¬ 
lator,  and  provided  sufficient  stability  for  measurements  of  the  in¬ 
terpolation  oscillator  frequency  to  10“^. 
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The  Interpolation  oscillator  used  to  sweep  through 
the  hyperfine  resonance  was  a  General  Radio  Model  271 >  designed  pri¬ 
marily  for  measuring  frequencies,  vdilch  was  stable  to  a  cycle  at 
250  kc/sec  and  posessed  an  Internal  circuit  enabling  frequency  changes 
to  be  monitored  to  a  few  cycles  by  a  moving  pointer  and  dial.  This 
feature  was  used  in  estimating  the  line  width  of  the  0^0  hyperfine 
resonance  when  it  proved  difficult  to  display  it  on  a  chairt  recorder 
(See  Section  IV  B  2  below). 

3.  Coupling  of  Microwave  Field  to  Gas  Cell 

Before  the  shielded  solenoid  was  introduced,  a  section 
of  wave  guide  was  extended  using  a  half  twisted  section  to  allow  energy 
to  be  radiated  onto  the  gas  cell  from  the  open  end  of  the  wave  guide 
with  the  B  field  parallel  to  the  vertical  field  B^.  Very  little  field 
strength  was  needed  to  connect  the  (2,0)  and  (1,0)  states  so  there  was 
no  need  of  a  cavity  to  enhance  the  field  strength. 

There  was  not  sufficient  space  in  the  shielded  solenoid 
to  bring  in  wave  guide  sections  so  a  UHF  to  waveguide  adapter  was  used 
as  the  radiating  element  Inside  the  solenoid.  It  was  Joined  to  a  simi¬ 
lar  adapter  by  a  6  foot  length  of  low  loss  coaxial  cable,  ccmtrlbutlng 
only  a  few  db  loss.  There  was  sufficient  power  available  from  the 
klystron  (^50  mw)  that  this  price  could  easily  be  paid,  and  Indeed  an 
attenuator  before  the  cocudal  connection  was  used  to  avoid  saturating 
the  resonance. 

The  possible  desirability  of  placing  absorbing  material 
for  the  microwave  energy  to  avoid  reflections  and  standing  waves  was 
recognized  but  this  was  not  tried. 


iii-a 


4>  Detection  of  the  Resonance  by  the  Phase  Destruction 

Method 

Most  observations  were  made  visually  on  an  oscilloscope 
screen  on  the  manner  In  idilch  the  second  90°  pulse  affected  the  light 
Intensity,  as  described  In  detail  In  Section  IV  A.  The  observable 
effect  was  the  vanishing  of  the  60  cps  modulation  of  this  transmitted 
light  Intensity  idien  the  phase  relations  were  altered  by  the  micro- 
wave  field. 

Since  It  proved  difficult  to  eliminate  this  60  cps 
modulation,  it  was  decided  to  esqjlolt  It  In  a  phase  detection  system 
to  display  the  resonance  as  a  dc  signal  on  a  chart  recorder  as  one 
swept  throiigh  the  resonance  using  the  Interpolation  oscillator. 

A  variable  phase  60  cps  signal  was  obtained  by  rotating 
the  rotor  of  a  synchro  generator  which  was  provided  with  a  rotating 
field  from  a  60  cps  three-phase  source.  Ihls  was  used  as  the  ref¬ 
erence  signal  for  the  type  of  transistorized  phase  detector  shown 
In  Diagram  11.  Since  the  rubidliim  (r'^D^  detection  and  pumping  light 
beam  was  cut  off  diiring  the  Interval  between  the  two  90°  pulses,  this 
constituted  a  very  large  signal  In  contrast  to  the  variation  caused 
by  the  60  cps  modulation  after  the  pulse  sequence  (^100  volts  com¬ 
pared  with  a;  1  volt ) .  Accordingly  a  gating  circuit  was  made  to  Inter¬ 
rupt  the  signal  from  the  phototube  pire-ampllfler  combination  and  allow 
It  to  pass  only  after  the  occurrence  of  this  unwanted  signal.  Ihe 
signal,  consisting  of  a  decaying  exponential  caused  by  the  recovery 
of  the  spin  orientation  under  optical  pumping  and  the  consequent  change 
In  light  transmission,  recurring  say  22  times  per  sec  (one  repetition 
frequency  used),  and  having  Its  amplitude  modulated  at  60  cps  was  the 
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balanced  transistor  phase  detector 
DIAGRAM  11 


DIAGRAM  12 
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input  to  the  phase  detector.  The  phase  detector  served  the  purpose 
of  creating  a  dc  signal  by  synchronous  rectification  of  the  60  cycle 
component  of  the  signal.  The  output  of  the  phase  detector  was  am¬ 
plified  by  a  HP  412  A  chopper  stabilized  dc  meter  and  applied  to  a 
Varian  G-10  recording  potentiometer.  Some  of  the  circuits  are  shown 
in  Diagram  12. 

5.  Possible  Methods  of  Pulsing  the  Microwave  Resonance 

Narrowing  of  the  resonance  beyond  the  width  predicted 
from  the  relaxation  time  could  be  expected  to  result  from  apply¬ 
ing  the  microwave  radiation  in  two  coherently  phased  pulses  at  the 
beginning  and  at  the  end  of  the  Interval  between  the  90°  pulses,  as 
discussed  in  Section  I  D  and  in  Appendix  C. 

Since  the  resonance  is  so  narrow  a  shift  of  frequency 
by  a  few  kilocycles  is  equivalent  to  having  the  radiation  completely 
absent.  Che  scheme  which  was  briefly  explored  experimentally  wae  to 
shift  the  klystron  in  and  out  of  phase  lock  by  changing  the  reflector 
voltage  by  means  of  a  transistor  flip-flop  circuit  in  series,  having 
its  own  floating  battery  supply.  Difficulty  was  experienced  In  trig¬ 
gering  the  floating  flip-flop  circuit  and  the  matter  was  not  pressed 
further  although  such  a  scheme  would  probably  work.  The  question  of 
the  speed  of  response  of  the  phase  lock  in  recovering  the  locked  state 
would  be  the  most  critical  one. 

The  use  of  a  ferrite  microwave  switch  employing  the 
Faraday  effect  was  studied  but  it  was  concluded  that  too  much  power 
would  be  necessary  to  switch  the  condition  In  a  millisecond  or  less, 
since  the  magnetic  fields  needed  are  not  small. 
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A  crystal  diode  microwave  switch  relying  on  the  change 
in  reflection  as  the  crystal  bias  is  changed  was  actually  acqidred 
but  the  change  in  transmission  that  was  possible  was  not  great  enough. 
Several  such  switches  in  cascade  would  have  been  required. 

The  most  promising  scheme  would  be  to  use  a  type  of  bal¬ 
anced  modulator  and  mix  in  a  frequency  of,  say,  10  kc/sec  to  shift  the 
resonance,  leaving  the  amplitude  and  phase  lock  system  unchanged.  It  is 
quite  easy  to  pulse  such  a  low  frequency  signal,  which  could  be  derived 
from  the  5  Mc/sec  frequency  in  the  phase  lock  system. 

£.  Optical  and  Photo-Detection  System 
1.  General  Considerations 

Hie  optical  requirements  for  optical  pumping  piurposes 
are  not  all  severe,  it  being  necessary  merely  to  illuminate  the  res¬ 
onance  cell  with  a  large  photon  flux,  having  the  directions  of  prop¬ 
agation  more  or  less  along  an  axis,  but  angles  of  deviation  of  20° 
to  30°  can  be  tolerated.  For  a  given  source  of  optical  resonance 
radiation,  (See  Section  III  A),  the  problem  is  then  one  of  collect¬ 
ing  the  radiation  over  as  large  a  solid  angle  as  possible.  After 
the  light  has  passed  through  the  cell  the  problem  is  again  simply 
one  of  collecting  it  and  conveying  it  to  a  suitable  photodetector 
for  conversion  to  a  current.  One  needs  to  worry  about  colllmation 
only  if  spectral  filters  are  used  at  some  point  in  the  system. 

The  use  of  a  vertical  system  enabled  gravity  to  be  em¬ 
ployed  in  positioning  components  of  the  system,  as  cam  be  seen  in  Fig¬ 
ures  5  and  6. 


FIG.  17  SOME  ELEMENTS  OF  THE  OPTICAL  SYSTEM 
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2.  Collection  of  Light 

If  lenses  are  used  they  need  to  be  of  low  f  number 
but  can  be  of  poor  optical  quality.  The  use  of  plastic  Fresnel  lenses 
was  found  to  be  quite  satisfactory.  The  first  kind  used  were  15"  in 
diameter  having  an  f  value  of  1,  commercially  offered  to  serve  as 
"solar  furnaces."  The  use  of  two  of  these  adjacent  to  one  another 
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Improved  the  f  number.  Later,  better  quality  plastic  Fresnel  lenses 
were  obtained  having  an  f  value  of  0.6  euid  a  four  inch  diameter.  One 
of  these  lenses  can  be  seen  in  Figure  17.  It  was  fitted  into  a  poly¬ 
styrene  foam  disk  idiich  made  a  snug  fit  into  the  cardboard  tube  shown 
in  the  figure,  adjustments  in  its  vertical  position  being  easily  made 
for  the  purpose  of  focusing. 

The  most  effective  system  used  the  large  area  source 
described  in  Section  III  A,  with  one  of  these  lenses  placed  to  roughly 
form  the  light  into  a  parallel  beam.  A  second  identical  lens  about 
3  feet  away  was  incorporated  into  the  thermal  enclosure  of  the  bulb 
described  in  Section  III  B  4>  and  formed  an  image  of  the  source  at  the 
center  of  the  bulb.  A  third  similar  lens  was  Incorporated  into  the 
bottom  structure  of  the  thermal  enclosure  to  collect  the  light  from 
the  cell  and  a  fourth  similar  lens  about  2  feet  further  on  focused 
the  light  onto  the  cathode  eurface  of  the  phototube.  Optical  pump- 
Ing  time  constants  /  on  the  order  of  1  mlllleecond  could  be  achieved 
under  the  most  favorable  conditions  in  the  source. 

3.  Polarizing  Filters 


Land  Polaroid  HN-22  polarizers  were  found  to  be  effec¬ 
tive  near  8000  A  where  the  D  lines  of  rubidium  lie.  They  were  combined 
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with  plastic  quarter-wave  retardation  plates  made  especially  by 
Polaroid  for  this  near  Infra-red  region  to  give  circularly  pol¬ 
arized  radiation. 

The  plastic  Fresnel  lenses  described  In  the  preceding 
section  were  found  by  experiment  not  to  dlst\irb  the  polarization  ap¬ 
preciably,  which  seems  remarkable.  Therefore  the  C  *'  polarizer 
could  be  placed  before  the  lens  which  forused  the  radiation  onto  the 
resonance  cell,  iidilch  was  a  convenience. 

In  experiments  with  polarizers  suitable  for  use  In  the 
polarization  bridge  discussed  In  Appendix  Polaroid  types  HN-7  and 

HR  were  found  to  be  more  effective  for  extinction  idien  crossed  than 
the  type  HN-22.  However,  this  has  a  greater  transmission  and  was 
thus  more  useful  for  polarization  purposes. 

4.  Spectral  Filters  for  the  D  lAnes 

Suppression  of  one  of  the  D  lines  Is  very  desirable  for 

optical  orientation  and  optical  detection  of  resonances  as  Is  explained 

in  detail  in  Section  II  A.  Very  effective  dielectric  multilayer  fil- 
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ters  for  the  purpose  were  obtained  from  Spectrolab,  Inc.  They  po- 

sessed  an  acceptance  angle  of  -  12°  and  had  a  transmission  of  80-90^. 
Both  3  inch  diameter  round  and  2  inch  square  filters  were  obtained  to 
pass  either  the  or  the  D2  line. 

This  type  of  filter  was  mounted  in  a  lucite  frame  and 
placed  adjacent  to  and  above  the  polarizing  filter,  where  the  light 
was  fairly  well  collimated. 

For  some  experiments  on  wall  coated  cells,  for  vdiich 
both  and  D2  pumping  orient  in  the  same  sense,  as  e:q)lained  in 
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ALL  FILAMENTS  FROM  6V  STORAGE  BATTERT 

DIAGRAM  13 
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Section  II  A,  no  filtering  of  the  Incident  radiation  le  naceesaxT'. 
However,  It  le  eometimee  desirable  to  filter  the  radiation  before 
It  Is  Incident  on  the  photo  detector  since  the  detection  signals 
are  of  the  opposite  sign  for  and  D^. 

5.  Photo-Detection 

Vacuum  photo  tubes  were  used  throughout  the  Investi¬ 
gation,  the  type  RCA  6570  being  used  almost  exclusively.  It  has  an 
S-1  surface  tdiioh  Is  sult«ble  for  the  near  infra-red  region,  and  has 
the  electrodes  ruggedly  supported  at  both  ends  of  the  structure.  The 
efficiency  of  photons  for  the  production  of  electrons  at  an  S-1  sur¬ 
face  Is  not  very  high:  only  1  electron  for  every  250  photons  around 

O 

8000  A  using  Information  from  the  tube  data  sheet. 

The  phototube  was  used  with  several  different  pre¬ 
amplifiers  during  the  development  of  the  research,  the  most  success¬ 
ful  of  which  was  a  cascode  type  having  a  gain  of  several  hundred 
using  a  double  diode.  The  Philips  type  PCC86  double  trlode  gave 
the  best  noise  figure.  The  circuit  Is  shown  In  Diagram  13.  It  was 
necessary  to  energize  the  filaments  with  dc  from  a  storage  cell  to 
reduce  60  cycle  pick  up. 

Signals  for  a  180*  rotation  of  oriented  spins  by 
pulsed  Zeeman  resonance  could  be  achieved  of  nearly  10  volts  ampli¬ 
tude  under  favorable  clrcumstancee  for  the  light  source,  with  a 
noise  of  less  than  one  millivolt,  this  coming  chiefly  from  the  photon 
shot  noise  associated  with  the  beam  of  detection  light,  with  no  band¬ 
width  limitation  other  than  the  cathode  ray  oscilloscope  response 
of  5  Hc/sec.  Signals  of  a  few  volts  were  more  usual.  The  phototube 
housing  and  pre-amplifier  combination  can  be  seen  In  Figure  17. 
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IV.  EXPERIMENTAL  RESULTS 

A.  Demonstration  ^  the  Phase  Destruction  Method  of  Detecting 
the  (2.0)< — Resonance 
1.  Initial  Results 

a.  Single  ISO”  Pulse;  60  cycle  Modulation 

With  the  very  Inhomogeneous  magnetic  field  de¬ 
scribed  in  Section  III  C,  no  effects  of  the  microwave  field  on  the 
intensity  after  the  second  90**  pulse  were  obsexnred  until  the  time 
interval  between  the  90**  pulses  was  reduced  to  2  milliseconds  and 
a  180**  pulse  interposed  to  utilize  the  spin  echo  effect  as  described 
in  Section  II  C  7.  'Rie  observations  are  best  described  by  referring 
to  Figure  18  showing  osoiUogra^  traces  of  the  output  of  the  photo¬ 
cell  presBq;>lifler  combination  during  the  rf  pulse  sequence —  +  90**, 
180",  -  90**-- described  in  Section  II  E^idilch  is  shown  at  the  top  of 
the  figure.  The  gas  cell  contained  Rb^  with  5  cm  Hg  of  Neon  as  a 
buffer  gas  and  was  held  at  a  temperature  of  45**  C. 

The  transmitted  intensity  of  the  light 

sometimes  Increased  and  sometimes  decreased  after  the  second  90** 
pulse  with  a  beat  frequency  between  the  pulse  sequence  repetition 
rate  (about  25  cps)  and  the  60  cps  external  time  varying  field,  as 
shown  in  the  middle  picture  of  Figure  18  (a).  The  interpretation  of 
this  is  that  the  60  cycle  field  is  detuning  the  resonance  so  that 
sometimes  the  second  "90"  pulse  is  +  90**,  sometimes  -  90"  and  some¬ 
times  an  intermediate  rotation,  depending  on  the  strength  of  6q  as 
modified  by  the  60  cycle  magnetic  field,  as  described  in  Section  II 
C  8. 


17-2 


The  effect  of  the  continuously  applied  6835  Mo/sec 
microwave  field  coupling  the  (2,0)  and  (1,0)  states  on  resonance  Is 
shown  In  the  bottom  picture  of  Figure  18  (a).  It  seems  to  destroy 
the  phase  relations  In  such  a  way  that  the  average  effect  on  the  bulb 
Is  to  completely  remove  the  beating  In  the  response  to  the  -90"pulse. 

The  size  of  the  obtainable  signal  Is  clearly  com¬ 
parable  with  that  resulting  from  a  90**  rotation  of  the  oriented  atoms, 
this  being  given  by  the  change  in  light  intensity  following  the  first 
90°  pulse.  The  noise  Is  not  nearly  so  large  as  would  appear  frosi  the 
pictures.  There  was  a  slight  oscillation  In  the  light  source  which 
appears  as  noise  In  the  photographs,  but  this  was  subsequently  ellM- 
nated. 

b.  Pulsing  of  Lights 

The  relaxing  effects  of  the  Incident  light  during 
the  Interval  between  the  90°  pulses  Is  evident  In  Figure  18  (a). 

The  sudden  change  produced  by  the  180°  pulse  Is  a  measure  of  the 
degree  of  orientation  produced  by  the  i  *  pumping  light.  Absorption 
of  a  i^oton  by  a  freely  precessing  atom  results  In  practically  com¬ 
plete  destruction  of  the  phase  relations.  There  Is  probably  some 
small  preservation  of  coherence  in  the  ground  state  In  the  resonance 
radiation  process,  but  this  quest Irai  needs  further  study. 

The  advantage  of  removing  this  optical  relaxation 
during  the  free  precession  interval  Is  clear  from  Figure  18  (b).  The 
other  experimental  conditions  were  the  same  as  for  Figure  18(a),  the 
center  trace  showing  the  removal  of  the  60  cycle  Induced  variation  of 
the  light  Intensity  by  the  microwave  resonance.  The  lights  were  pulsed 
off  using  the  transistor  switch  described  In  Section  II  A  4*  ^e  gain 
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differs  from  the  conditions  In  Figure  18  (b)  by  a  factor  10,  so  an 
Increase  In  the  signal  by  a  factor  of  3  or  4  has  been  achieved. 

It  was  not  possible  to  lengthen  the  Interval  be¬ 
tween  90®  pulses  beyond  2  milliseconds  even  with  the  elimination  of 
optical  pumping  relaxation  because  of  the  large  Inhcmogeneltles . 

c.  Multiple  180®  Pulses 

A  demonstration  of  the  effectiveness  of  the 
Carr-Purcell  technlque^^^  of  presei>ving  the  phase  memory  of  freely 
precessing  atoms  as  they  diffuse  In  a  region  of  inhomogeneous  mag¬ 
netic  field  as  described  In  Section  II  C  7  was  made  by  Inserting  5 
180®  pulses  between  two  90®  pulses  separated  by  an  interval  of  10 
milliseconds,  the  other  conditions  remaining  as  before.  Hie  top 
trace  In  Figure  18  (c)  shows  the  spacing  of  the  pulses,  while  the 
lower  two  traces  show  the  effect  on  the  transmitted  light,  the 
bottom  one  being  taken  with  the  microwave  radiation  continuously 
on  resonance.  Hie  60  cycle  Induced  variation  after  the  second 
90®  pulse  and  Its  removal  by  the  microwaves  were  clearly  visible 
In  the  original  oscilloscope  traces,  but  do  not  show  up  well  In 
the  reproduction. 

Blanking  of  the  incident  light  gave  an  Increase 
In  the  signal,  although  not  as  much  as  for  the  2  millisecond  Inter¬ 
val,  due  to  the  action  of  other  dephaslng  relaxation  processes  during 
the  10  millisecond  interval.  This  is  shown  in  Figure  10  (b). 

d.  Lock-In  Amplifier  Recorder  Trace 

The  signal  described  In  Section  IV  A  1  a  above 
was  fed  Into  a  phase  detector  whose  reference  was  a  square  wave  at 


(0)  2  MILLISECONDS  BETWEEN  tO*  PULSES. 


(b)  LIGHTS  OFF  DURING 
INTERVAL  OF  (a) 


(c)  MULTIPLE  IBO*  PULSES 
lOMS  TOTAL  INTERVAL 


TIME  INCREASES  FROM  RIGHT  TO  LEFT 


FIG.  18  PHASE  DESTRUCTIVE  DETECTION 
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the  pulse  sequence  repitition  frequency  of  about  22  cps.  The  60  and 

120  cps  suppression  filter  described  in  Section  II  C  3  was  used.  As 

the  microwave  frequency  was  manually  swept  through  resonance  the  dc 

output  as  displayed  on  a  Varian  G-10  chart  recorder  showed  a  plateau 

about  10  kc/sec  wide  on  vdiich  was  superposed  an  inverted  Ramsey 
(99) 

pattern,  the  central  peak  being  about  500  cps  wide.  The  recorder 
trace  Is  shown  in  Figure  19. 

This  was  the  type  of  resonance  expected,  the  10 
kc/sec  plateau  width  being  attributed  to  the  10  ^  second  90^  pulses 
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and  the  500  cycle  width  being  that  e:q>ected  from  the  2  x  10  sec¬ 
ond  effective  measurement  time  between  the  90^  pulses. 

Host  subsequent  work  involved  visual  observation 
of  the  resonance  in  which  line  widths  could  be  estimated  by  the  meth¬ 
od  described  in  Section  III  D  4« 

Since  the  observation  of  the  (2,0)v— >>(1,0)  res¬ 
onance  was  so  readily  made  visually  using  the  oscilloscope  presen¬ 
tation  of  the  response  to  the  second  90*  pulse,  the  further  develop¬ 
ment  of  a  phase  detection  system  to  recoil  the  resonance  was  not 
pressed.  The  system  mentioned  above  used  a  lock-in  amplifier  of 
relatively  ancient  vintage  which  gave  considerable  trouble  in  this 
particular  application,  particularly  because  of  the  difficulty' in  re¬ 
moving  its  tendency  to  respond  to  very  weak  60  cps  signals. 

In  the  last  stage  of  the  Investigation  when  the 
ultra-stable  oscillator  crystal  oscillator  described  in  Section  III 
Die  was  available,  an  effort  was  made  to  obtain  a  dc  signal  frcmi 
the  (2,0)  (1,0)  resonance  for  use  with  a  chart  recorder.  This  is 


described  below  in  Section  IV  A  2b. 
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2.  Later  Result a 

a.  Vlaual  Detection  for  Longer  Intervals 

With  the  Increased  homogeneity  brought  about  by 
the  shielded  soleonold  described  In  Section  III  C  2  b^  It  was  pos¬ 
sible  to  preserve  phase  relations  In  the  freely  precesslng  atoms 

for  much  longer  Intervals.  Using  a  single  180®  pulse  between  the 

87 

two  90®  pulses,  an  Interval  of  22  milliseconds  for  a  5  cm  Ne  Rb 
bulb  was  readily  demonstrated  by  the  60  cycle  modulation  described 
above.  The  time  Interval  could  probably  have  been  lengthened  fur¬ 
ther  since  the  signal  was  quite  strong,  althoxjgh  because  of  certain 
e:q>erlfflental  Inconveniences  this  was  not  done.  Ihe  improvement  In 
the  homogeneity  was  thus  in  excess  of  a  factor  10.  The  switching 
off  of  the  lights  during  this  interval  was,  of  course,  essential. 

Observation  of  the  (2,0)^— >(1,0)  resonance  by 
means  of  variation  of  the  oscilloscope  trace,  as  described  before, 
was  equally  easy,  although  the  variation  caused  by  the  60  cycle  mag¬ 
netic  field  was  different  because  of  the  shielding  (See  Section 
II  C  8  ). 

Figure  20  shows  the  effect  of  the  microwave  ra¬ 
diation  at  the  (2,0)^->(l,0)  hyperfine  frequency  on  a  different 
time  scale  from  that  previously  presented  in  Figure  18  so  that 
the  reduced  beat  frequency  between  the  pulse  repetition  frequency 
and  the  60  cycle  magnetic  field  variation  is  apparent,  as  discussed 
in  Section  II  C  8.  The  time  interval  T  between  90°  pulses  (no 
180®  pulse  is  interposed)  are  :  ,  3,  4,  and  6  milliseconds,  respec¬ 
tively  for  Figures  20a, b,c  and  d.  The  upper  trace  in  each  of  the 
dual  trace  pictures  is  the  magnetic  field  at  the  position  of  the  gas 
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nail  which  had  a  paak  to  peak  amplitude  of  about  1./2  n.illitjauss. 

This  cell  was  coated  with  SC-02  Dri-Film  and  was  of  the  "Lobster 
Pot"  type.  Similar  traces  were  obtained  for  other  cells. 

As  the  Interval  i  is  lengthened,  the  magnitude 
of  the  variation  after  the  second  90°  pulse  is  reduced  because  of 
the  greater  relaxing  effect  of  the  light.  Also  the  strong  periodicity 
at  the  reduced  beat  frequency  is  diminished  at  longer  Intervals, 
bsing  replaced  by  a  more  nearly  random  variation,  tdilch  is  still 
strongly  affected  by  the  microwave  resonances,  however.  The  ran¬ 
domness  is  only  apparent  and  results  from  the  appearance  of  higher 
harmonics  as  the  interval  (  is  increased,  since  this  affects  the 
arguments  of  the  Bessel  functions  i^lch  are  the  amplitudes  of  these 
harmonics,  as  e^lained  in  the  analysis  in  Section  II  C  8.  From 
this  analysis,  since  the  argument  of  the  Bessel  functions  is  pro¬ 
portional  to  siniCr  ,  one  would  oxpect  the  single  periodicity 
to  be  recovered  as  one  continues  to  increase  T  .  There  was  not  a 
sufficient  increase  made  of  C  to  show  this  e;qperimentally,  however. 

b.  Phase  Detection 

Although  it  was  not  necessary  to  use  phase  detec¬ 
tion  to  observe  the  (2,0)4-^(l,0)  resonance  using  the  phase  destruc¬ 
tion  method  since  the  visual  oscilloscope  signal  was  so  strong,  a 
method  of  deriving  a  dc  signal  from  the  variations  in  light  intensity 
following  the  second  90°  pulse  is  desirable  for  recording  the  reso¬ 
nance.  The  situation  is  complicated  considerably  by  the  presence  of  the 
60  cycle  magnetic  field  which,  because  of  practical  difficulties  in  the 
existing  apparatus,  it  was  not  possible  to  reduce  to  a  sufficiently  low 


level,  ae  discussed  in  Section  II  C  2  c.,  and  by  the  need  to  cut 
off  the  lights  during  long  intervals  T  ,  creating  a  large  signal  at 
the  pulse  repetition  frequency.  Although  the  use  of  this  fre¬ 
quency  as  a  reference  In  the  phase  detection  system  described  above 
in  Section  IV  A  1  d  seemed  to  be  satisfactory  in  principle,  it 
would  not  be  satisfactory  when  the  lights  were  being  pulsed  without 
modification. 

The  light  pulsing  signal  was  strongly  reduced  by 
making  an  electronic  transmission  gate  to  pass  the  output  of  the 
phototube  preamplifier  only  d\iring  an  interval  following  the  second 
90*^  pulse,  >dien  the  transmitted  light  had  very  nearly  recovered  its 
former  value,  variations  in  this  value  constituting  the  signal,  as 
described  in  Section  III  D  3. 

Ihe  use  of  the  other  reference  frequencies  was 
ej^lored  esq^rimentally.  Ibe  reduced  beat  frequency  was  produced 
by  using  a  transistor  phase  detector  of  the  type  shown  in  Diagram  11 
to  mix  a  square  wave  at  the  repetition  frequency  with  the  variable 
phase  60  cycle  signal  derived  from  the  synchro  as  described  in  Sec¬ 
tion  III  0  3.  A  second  phase  detector  of  the  same  type  was  then 
used  with  the  reduced  beat  frequency  serving  as  reference  and  the 
signal  from  the  phototube  described  above  serving  as  the  input. 

The  output  of  the  second  phase  detector  was  amplified  by  a  HP412A 
chopper  stabilized  dc  meter-amplifier  and  applied  to  a  recorder, 
as  described  in  Section  III  D  3. 

The  system  worked  well  at  times,  but  since  there 
was  no  fixed  phase  relation  between  the  repetition  frequency  and  the 
60  cycle  field,  it  required  frequent  adjustment  of  the  phase  of  the 
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60  cycle  reference.  Thus  it  was  not  suitable  for  continued  experi¬ 
mentation  on  different  gas  cells  under  a  variety  of  conditions. 

The  use  of  the  60  cycle  field  as  reference  in 
single  phase  detection  was  tried  as  discussed  in  Section  III  D  3. 
This  was  more  stable  than  the  double  phase  detection  described 
immediately  above  and  gave  very  strong  signals  but  still  suffered 
fr(»n  defects.  It  was  not  sufficiently  sensitive  to  the  signal  pro¬ 
duced  by  the  microwaves  during  the  active  interval  T  so  that  the 
characteristic  Ramsey  pattern  did  not  appear.  The  time  constant 
of  the  dc  amplifier  recorder  ccxnbinatlon  was  too  slow  (several  sec¬ 
onds)  to  sweep  through  the  lines  rapidly,  thus  preventing  the  re¬ 
cording  of  very  narrow  lines,  for  the  ultra-stable  (short  term) 
crystal  oscillator  controlling  the  klystron  frequency  drifted  badly. 

£ven  with  these  defects  it  was  possible  to  demon¬ 
strate  the  broadening  of  the  lines  by  increased  microwave  power  and 
the  increase  in  the  signal  strength  by  cutting  off  the  lights  during 
the  active  interval. 


B.  (2.0)<  ^ (1.0)  Hvperflne  Resonance 

1.  Line  Shifts 

a.  Buffer  Gases 

The  only  buffer  gases  used  were  neon  and  argon. 

No  special  effort  was  made  to  measure  the  pressure  shifts  but  the 
results  were  in  agreement  with  the  data  published  by  P.L.  Bender^^^^ 
and  M.  Arditi^^^^^  for  those  few  pressures  used  in  the  e:q>eriments : 

87  __  , 

e.g.,  5  cm  Hg  Ne,  : — y  +  17,400  cps 
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The  frequency  6034.6826  Mc/eec  le  taken  as  the  unperturbed 
v^u.. 


b.  WbU  Co»t«(l  n«11. 

The  measurements  were  made  during  the  last  months 
of  the  research  when  the  Atomlchron  was  no  longer  available  so  re¬ 
liance  was  placed  on  the  continued  stability  of  a  Hycon  Eastern  1 
Mc/eec  oscillator,  as  discussed  In  Section  III  D  2.  They  were  com¬ 
plicated  by  the  rapid  drift  rate  of  the  ultra -stable  (short  term) 
oscillator  used  to  stabilize  the  klystron  In  the  hope  of  obtaining 
narrow  lines,  as  discussed  In  Section  III  0  1c.  Fui^hermore,  the 
center  of  the  resonance  was  determined  visually  because  of  the  rather 
unsatisfactory  performance  of  the  recording  system  used.  These  fac¬ 
tors  made  It  difficult  to  determine  the  center  of  the  resonance  to 
better  than  100  cycles. 

Some  measured'  shifts  at  a  tsiiq)erature  6f  40°  C  were: 


Paranint 

-  6900  cpe 

Sc-02  Drl-Fllm 

-  4200  cpe 

Sc-77  Drl-Fllm 

-  4600  cps 

DlethyldlchlorosUane 

-  6000  cps 

Sc-77  Drl-Fllm  (1"  cell) 

-  7800  cps 

DlethyldlchlorosUane 
(1"  cell) 

-  5400  cps 

All  bulbs  were  2"  In  diameter  except  where  noted 
and  contained  natural  rubidium.  The  data  were  taken  with  a  4  milli¬ 
second  Interval  between  the  90°  pulses. 
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Except  for  the  general  large  negative  shift,  one 

should  not  attach  too  much  significance  to  the  relative  values  of 

these  numbers,  since  the  tedhnlqus  of  applying  the  coatings  Is  still 

something  of  a  "black  art." 

The  shift  Is  much  largsr  than  was  esqpsoted  and 

rsprsssnts  a  phass  shift  par  vrall  collision  much  largsr  than  for 

-4 

buffer  gas  collisions,  since  there  are  about  10  fewer  wall  col¬ 
lisions  per  second  than  buffer  gas  collisions  at  a  few  cm  Hg  buffer 
pressure.  It  Is  much  larger  (by  'V'  10)  than  similar  results  report- 

(81) 

ed  for  cesium  In  the  storage  box  atomic  beam  experiments  at  Harvard. 

c.  Intensity  ghlftg 

The  evidence  for  the  effectiveness  of  removing 
the  light  during  the  active  resonance  Interval  between  the  90** 
pulses  for  removing  this  type  of  shift  Is  rather  Inconclusive  be¬ 
cause  of  the  experimental  difficulties  mentioned  above  lA  measxirlng 
the  shifts.  However,  measursments  were  made  both  with  lights  on  and 
with  lights  off  and  there  was  some  slight  evidence  for  a  shift  In  the 
resonance  frequency  between  the  two  conditions. 

If  the  spectral  distribution  In  the  light  source 
Is  sufficiently  asynnetrlc  to  produce  a  light  shift  as  discussed  In 
Section  II  D  the  method  of  pulsing  the  lights  should  be  an  ex¬ 
cellent  one  for  avoiding  the  effect  and  still  retaining  the  advantages 
of  optical  detection. 
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2.  Tina  Widths 

a.  Vls\ial  Observation 

Using  the  Bliley  5  Mc/sec  crystal  In  the  klystron 
stabilization  system  the  line  widths  seen  were  about  200  cps  even 
with  very  long  separations  between  90*  pulses  which  should  give 
widths 

^  *  7nT 

of  a  few  cycles.  This  was  attributed  to  the  poor  short  term  sta¬ 
bility  of  this  crystal.  It  was  not  the  same  crystal  (although  of 
the  same  type)  as  the  one  used  In  the  microwave  detection  experi¬ 
ments  which  yielded  a  line  width  of  ^80  cps  In  reference  (1). 

With  the  ultra-stable  (short  term)  oscillator 
It  was  hoped  that  such  very  narrow  lines  might  be  seen.  However, 
the  narrowest  lines  observed  were  about  60-80  cps  with  both  bxiffer 
gas  and  wall  coated  cells,  a  visual  estimate  being  made  as  described 
In  Section  IV  A  2,  Independent  verification  being  made  by  several 
colleagues.  The  time  Intervals  were  such  as  to  predict  widths  of 
about  10  cycles.  The  reason  for  this  dlscreppancy  Is  not  clear. 

It  may  be  that  the  oscillator  was  not  being  operated  under  the  con¬ 
ditions  to  elicit  Its  maximum  short  term  spectral  purity. 

No  great  effort  was  made  to  obtain  these  narrow 
lines  with  the  existing  equipment  since  It  Is  clear  that  the  method 
will  yield  such  narrow  resonances  with  improved  electronic  in¬ 
strumentation. 

b.  Recoi*der  Observation 

The  narrowest  lines  recorded  were  several  hundred 
cycles  in  width  the  under  conditions  which  yielded  lines  less  than 
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100  cycles  In  width  for  visual  observation.  This  was  attributed 
to  the  several  second  time  constant  of  the  amplifier  recorder  com¬ 
bination  necessitating  slow  traversals!  of  the  resonance,  allowing 
the  crystal  to  drift,  and  to  the  "random”  element  entering  the  sig¬ 
nal  Input  to  the  phase  detector,  as  discussed  In  Section  IV  B  2  a. 

It  Is  clear  that  changes  In  the  electronic  In¬ 
strumentation  will  enable  the  recording  of  the  same  width  lines  as 
are  observed  visually. 

4.  Reduction  o£  Doppler  Width  Wall  Coated  Cells 
Since  the  line  widths  for  the  hyperflne  resonance 
obtained  above  for  wall  coated  cells  are  much  less  than  the  Doppler 
width  of  10  kc/seo.  It  Is  clear  that  the  Doppler  reduction  method 
proposed  by  IVofessor  R.H.  Dlcke^^^  works  as  predicted  for  confine¬ 
ment  of  atoms  to  dimensions  on  the  order  of  a  wavelength.  Most  pre¬ 
vious  use  of  this  technique  had  confined  the  atcms  to  regions  very 
much  smaller  than  a  wavelength,  an  exception  being  the  work  of  Ramsey 

and  his  associates  using  coated  wall  storage  cells  In  the  hydrogen 
(96) 

maser. 


C.  Wall  Coated  Cells 


1.  Lonaltudal  Relaxation  Times  T^  £or  Zeeman  Transitions 
a.  Alkylchloros Hanes  a>d  Waxes 

A  relative  measure  of  these  timee  was  obtained  by 
a  change  In  absorbtlon  of  (T^Dq^  light  of  an  oriented  vapor  subjected 
to  a  IdO**  pulse,  as  described  In  Section  III  C  4  b.  Scmie  typical  photo¬ 
graphs  of  oscilloscope  traces  under  such  conditions  are  shown  In  Figure  2L 
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All  the  cells  contained  natural  rubidium  except  for  the  5  cm 

87 

nbon  one  which  contained  Rb  .  This  accounts  for  the  larger  changes 
In  optical  signal  with  this  cell. 

All  good  wall  coated  cells  give  orientations  within 
30%  of  each  other.  Ihe  Dri-Fllm  methylocholorsilane  coatings  were 
fully  as  effective  as  the  ParafUnt  wax  and  one  can  Infer  times 
of  around  100  milliseconds. 

The  experiments  with  higher  alkylcholorsllanes 
as  described  In  III  B  3  were  somet^at  disappointing  In  that  useful 
coatings  were  only  obtained  with  ethyl  groups.  However,  the  orlenta 
.tlons  achieved  with  such  coatings  were  scmewhat  better  than  for  any 
other  material  tried. 

It  Is  worth  noting  that  In  an  effort  to  determine 
whether  any  gas  had  gotten  Into  an  ethyl  cell  that  could  be  acting 
as  a  buffer  gas,  a  leak  tester  discharge  was  applied  to  the  cell. 

There  was  no  evidence  for  gas,  but  the  signal  was  ccmpletely  de¬ 
stroyed.  It  was  recovered  slowly,  but  after  hours  was  only  1/3  Its 
former  value  and  never  fully  reached  this  value, 
b.  Uncoated  Glass  Walls 

In  order  to  have  some  reference  for  the  T^  relax¬ 
ation  experiments,  the  relaxing  effects  of  glass  were  Investigated, 
the  expectation  being  that  no  orientation  would  be  observed.  It  was 
thus  surprising  to  find  an  orientation  as  measured  by  the  response 
to  180®  pulses  about  l/30  that  for  the  best  wall  coatings.  A  trace 
of  such  a  response  is  shown  in  Fig\ire  22  (a).  The  decay  time  after 
the  pulse  Is  much  shorter  than  the  usual  optical  pumping  time,  ena¬ 
bling  one  to  attribute  the  relaxation  to  wall  collisions  and  thus  to 


■<1 


sc -02  LOBSTER  POT  CELL 


SC-02  NORMAL  ORIFICE 


SC-77  LARGE  ORIFICE 


(o)ORI-FILM  WALL  COATED  CELLS 

(STUDIED  ALSO  BY  FREE  PRECESSION) 
NATURAL  RS,  40* C 
2int-/cin.  Ix/cm. 


(bIRkV  Sent.  N«  BUFFER  BAS 
40*C,  Em«./cni.  ix/em. 


FIB.  21  RESPONSE  TO  ISO*  PULSE  (  0,  v*  PUMPING  ANO 

DETECTION ) 


0,  ,  Rb"  RCVfUSAL 


D,  ,  Rb*'  REVERSAL 


0,  •  D,  Rb*’  REVERSAL 
(NO  FILTCRINO) 


(a)UNCOATEO  OLASS  WALL 

NATURAL  Rb  lmt./eni.,  O.IE/em. 


D,  PUMPING  AND  DETECTION 


D,  PUMPING  AND  DETECTION 


(b)Rb*'  Sent.  N«  BUFFER  GAS 
Imt-Zcm.  IX /cm. 
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estimate  the  average  number  of  such  collisions  to  relax  l/e  of  the 
oriented  atoms.  In  this  way  one  estimates  5  to  10  collisions  being 
required  for  disorientation  by  a  pyrex  walled  cell  containing  natural 
rubidium. 

The  most  effective  ccmbinatlon  of  light  source  and 
optical  and  detection  configurations  as  discussed  In  Section  III  was 
required  for  the  measurement  of  orientation  in  such  clean,  baked 
glass  cells. 

It  was  learned  shortly  after  these  observations 
that  similar  effects  had  been  seen  by  IVofessor  H.G.  Dehmelt . ^ 

2.  Transverse  Times  To  for  z— Resonances 

A  few  measurements  were  carried  out  in  the  homogeneous 
magnetic  field  available  at  the  Magnetic  Observatory  maintained  by  the 
U.S.  Coast  and  Geodetic  Survey  at  Fredericksburg,  Va.  in  collaboration 
with  P.L.  Bender  of  the  National  Bureau  of  Standards.  The  technique 
is  described  in  Section  III  C  4  c.  The  higher  alkylchlorosilane  cells  had 
not  been  prepared  at  the  time  of  the  measurements.  The  only  cells 
measured  were  coated  with  Dri-Film  and  were  2  inches  in  diameter,  two 
having  fairly  large  orifices,  giving  relaxation  times  by  migration 
into  the  neck,  according  to  the  siaqple  theory  of  Section  III  B  1, 
of  about  50  milliseconds. 

Ihe  cells  contained  natural  rubidliam  at  room  tsog)- 
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erature  and  it  was  necessary  to  monitor  the  Rb  resonance  in  order 
to  obtain  a  usable  signal  with  the  weak  light  used.  The  g-factors  for 
this  spin  5/2  nucleus  ground  atomic  state  were 

8f  =  3  =  1/3 

gp  =  2  =“1/3 
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An  SC-02  Dri-Film  coated  bvilb  gave  40  milli- 
seconde  idiile  an  SC-77  Dri-Film  bulb  gave  T2  =  60  millieeconde .  An 
SC-02  coated  lobster  pot  type  cell  gave  a  of  only  8  millieeconde. 

These  results  were  somewhat  surprising.  First  of 
all  the  method  of  measuring  relative  values  had  indicated  that  the 
SC-02  coating  was  slightly  better  than  the  SC-77  coating,  and  that  the 
lobster  pot  SC-02  cell  was  almost  as  good  as  the  others,  as  shown  in 
Figure  21.  This  emphasizes  the  caution  with  which  the  non-linear 
dependence  upon  of  the  180**  z^sponse  must  be  interpreted,  for  one 
probably  does  not  ez^ect  a  large  difference  between  and  T2. 

The  poor  performance  of  the  lobster  pot  cell  in 
comparison  with  the  performance  of  the  same  coating  in  the  large  or¬ 
ifice  bulb  is  doubtless  due  to  the  poor  quality  of  the  coating 
achieved  throtigh  the  small  hole,  since  it  was  one  of  the  first  such 
coatings  attempted  on  a  lobster  pot  cell.  Coated  lobster  pot  cells 
made  subsequently  performed  well. 

3.  Averaging  of  Magnetic  Field  Inhcmogenetles 

Although  the  use  of  a  wall-coated  cell  to  average  out 
magnetic  field  inhomogeneities  by  the  motion  of  the  atoms  was  one  of 
the  motivations  for  investigating  wall  coatings,  very  little  system¬ 
atic  attention  was  given  to  this  aspect  of  the  problem  using  the  coat¬ 
ings  that  were  developed. 

If  one  accepts  a  value  of  10  milliseconds  as  the  de- 
phaslng  time  due  to  inhomogeneities  as  determined  from  the  measure¬ 
ment  of  22  milliseconds  preservation  of  coherence  using  a  single  180“ 
pulse  in  a  buffer  gas  cell  described  in  Section  IV  A  2  a,  a  frequency  spread 
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of  B  100  should  be  expected  In  the  Zeeman  resonance.  Using  the 
expression  developed  In  Section  II  C  7^  one  would  ej^ect  a  factor 
of  improvement  In  a  wall  coated  cell  of 

-L-  =  JJL  ^  30 

Although  the  preservation  of  coherence  among  the  freely  precessing 
atoms  was  somewhat  easier  in  a  wall  coated  cell,  there  being  no  need 
of  180°  pulses,  for  example,  the  factor  was  by  no  means  this  large. 
No  attempt  was  made  to  determine  the  actual  factor.  Probably  the 
value  of  10  milliseconds  assumed  above  represents  a  time  for  which 
the  phase  spread  is  considerably  in  excess  of  one  radian,  trtilch  would 
bring  the  observations  more  in  line.  However,  there  was  direct  evi¬ 
dence  that  in  a  weak  magnetic  field  corresponding  to  a  precession 

/  87 

frequency  of  abous  3  kc/sec  for  Rb  ,  the  jdiase  was  preserved  in  a 
buffer  gas  cell  for  an  e-folding  time  of  about  6  milliseconds.  This 
is  discussed  in  Section  IV  0  1  below. 

A  very  cursory  comparison  was  made  of  the  line  widths 

87 

in  a  buffer  gas  cell  (5  cm  Ne  and  Rb  '  )  and  in  a  wall  coated  cell 

(  SC-02  Dtri-Fllm,  natural  rubidium)  using  continuous  rf  and  60  cycle 

modulation — an  adaption  of  the  recording  system  for  the  hyperflne 

resonance  described  in  Section  III  D  A..  The  result  was  a  narrowing 

of  the  resonance  by  the  wall  coated  cell  by  only  a  factor  2.  It  is 
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possible  that  the  difference  between  Rb  '  and  natural  Rb  contributed 
to  lessening  the  effect. 


D.  Other  Results 


1.  Effect  of  (2.0)^— »(1.0)  Resonance  on  The  Termor  Fremtncy 

Modulation  of  Light 

It  was  found  that  a  weak  magnetic  field  could  be  estab¬ 
lished  in  the  shielded  solenoid  at  an  angle  to  the  axis  by  reducing 
the  axial  component  to  a  very  small  value.  This  was  done  by  estab¬ 
lishing  a  small  field  to  oppose  the  residual  field.  Any  kind  of  a 
sharp  pulse  (rf  or  dc)  applied  to  the  rf  colls  would  set  the  oriented 
atoms  into  coherent  free  precession  about  the  field  direction,  thus 
providing  modulation  of  the  <r'*‘  light  at  the  Innnor  frequency  as 
discussed  in  Section  II  B  4* 

The  small  magnitude  of  the  field  resulted  in  a  Larmor 
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precession  frequency  of  about  3  kc/sec  for  Rb  .  The  e-foldlng  time 
for  the  decay  of  the  oscillations  was  about  6  milliseconds. 

Application  of  the  microwave  field  to  couple  the  (2,0) 
and  (1,0)  states  during  the  free  precession  reduced  the  persistence 
of  the  free  precession  sharply,  as  was  to  be  expected,  since  the 
effect  is  clearly  very  closely  related  to  the  phase  destruction 
method  using  the  90°  pulses. 

Figure  23(a)  shows  the  effect.  The  possibility  of  sim¬ 
ultaneously  monitoring  the  magnetic  field  and  the  hyperflne  resonance 
by  means  of  modulation  of  CT  light  at  the  Larmor  frequency  is 
clear. 

2.  Optical  Pumping  with  D2  Radiation 

As  discussed  in  Section  II,  alkali  atoms  in  wall  coated 
cells  may  be  oriented  in  the  same  direction  by  both  and  D2  radiation, 

since  there  is  no  mixing  in  the  excited  state,  and  one  can  hope  to  gain 
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in  orientation  efficiency  by  using  both  fine  structure  components. 

Since  no  data  existed  on  the  dynamics  of  optical 

pumping  with  D2  radiation  alone,  solutions  by  650  digital  computer 

were  obtained  for  this  case  as  discussed  in  Section  II  A  8.  Some 

integral  curves  for  the  change  of  ground  state  populations  with 

time  are  given  in  Appendix  E. 

Some  pictiires  of  the  change  in  light  intensity  for 

D2  light  following  a  180°  pulse  are  given  in  Figures  22  (b)  and 

23  (b)  and  (c)  under  several  conditions.  Figure 22  (b)  shows  the 

response  when  D  1  *'  pumping  auid  detection  is  used  in  a  5  cm  Ne 
87  ^ 

Rb  bulb  as  compared  with  that  for  0^  under  the  same  conditions  . 

The  orientation  produced  by  is  much  siftaller,  as  expected, 

since  there  is  excited  state  mixing. 

Figxire  23  (b)  shows  the  response  for  an  SC-02  coated 
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lobster  pot  cell  containing  natural  Rb  (Rb  resonance)  to  and  to 

D2  separately.  The  trace  for  D2  is  much  smaller  than  that  for  D^. 

The  reasons  for  this  large  discrepancy  are  probably  associated  with 

a  large  amount  of  self  reversal  in  the  source  for  D2. 

Figure  23  (c)  shows  the  same  cell  being  pumped  with 

both  Di  and  02^1^  light  simultaneously.  The  detection  is  with  D. 
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light.  The  upper  trace  is  for  Rb  with  a  time  scale  of  2  ms/cm 

and  the  lower  trace  for  Rb^^  with  a  time  scale  of  1  ms/cm.  The 

change  in  sign  of  the  response  transient  and  the  long  recovery 
85 

time  for  the  Rb  represent  Interesting  relaxation  effects  that 
should  be  studied  further. 
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V  SUMMARY  AND  CONCLUSICWS 

A.  Optical  Detection  of  the  0<-r>0  Hyperflne  Resonance 

A  new  method  of  optically  detecting  the  field  Independent 
magnetic  hyperflne  resonance  between  the  magnetic  substates  In  the 
ground  state  of  an  alkali  atom  has  been  devised,  analyzed,  and  ex¬ 
perimentally  demonstrated  for  the  case  of  rubidium  87 •  It  relies 
on  producing  a  change  of  phase  between  an  m  =  0  state  and  Its  pai*t- 
ner  states  of  the  same  F  value  during  the  coherent  superposition 
state  describing  free  precession. 

A  major  advantage  of  the  new  method  Is  that  It  yields 
very  strong  signals,  easily  observable  on  an  oscilloscope  without 

bandwidth  limitation  with  a  signal  to  noise  amplitude  ratio  great- 
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er  than  10  .  This  strong  signal  can  be  sacrificed  in  favor  of 
narrowing  the  line  width  to  the  limit  set  by  the  relaxation 
time  in  the  gas  cell,  and  even  beyond,  using  a  method  for  arti¬ 
ficially  narrowing  the  resonance  by  observing  only  those  atoms 
which  are  not  relaxed  during  a  time  interval  greater  than  T2. 

Because  of  practical  experimental  difficulties  described  In  Sec¬ 
tion  IV,  the  line  widths  of  a  few  cycles  per  second  that  seem 
certainly  possible  were  not  realized.  Also,  because  of  the  In¬ 
terest  in  investigating  other  matters,  described  below,  the  micro- 
wave  resonance  was  not  actually  applied  In  two  coherently  phased 
pulses  to  select  the  longer  lived  atoms  and  thus  to  narrow  the 
line  artificially.  The  method  of  detection  is  well  adapted  to 
accomplishing  this  however. 

Other  methods  of  optical  detection  were  devised  also, 
as  described  in  Section  I,  but  not  investigated  experimentally. 
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One  of  theee,  the  eelectlve  hyperflne  ebeorptlon  method,  improved 
for  rubidium  87  by  the  uce  of  a  rubidium  85  filter  oell,  (indepen¬ 
dently  oonoelved  by  leveril  Inveatl^toiiw;  eeil  ^troduotldhy 
le  the  method  of  optical  detection  ueed  in  all  the  optically  puoqped 
rubidium  vapor  cell  frequency  etandarda  developed  eo  far.  More  in¬ 
formation  on  this  la  given  in  Appendix  A.  The  uee  of  a  polarisation 
bridge  to  permit  the  signal  to  appear  on  a  nviU  background,  as  men¬ 
tioned  in  Section  I  and  deecrlbed  in  Appendix  B,wa8  not  tried  ex¬ 
perimentally. 

B.  Wall  Coatings 

The  effectlvenees  of  coatings  formed  by  treatment  of 
glass  with  alkylchlorosilanes  for  the  inhibition  of  relaxation  in 
oriented  atoms  colliding  with  the  vnuUs  iias  demonstrated.  These 
coatings  are  quite  easy  to  apply  and  form  a  chemical  bond  with  the 
glass  permitting  the  cell  to  be  baked  at  350”  -  400”  C  after  the 
coating  is  formed  without  deterioration  of  the  surface. 

The  relaxing  properties  of  these  coatings  were  found  by 
e3q?erlments  to  be  about  the  same  as  those  of  the  long  chain  saturated 
by  hydrocarbon  waxes,  in  particular,  Farafllnt>  a  conmercial  mixture 

averaging  C  a  material  first  uncovered  in  this  work  and 

50  •*•02 

found  useful  by  several  other  groups. 

Orientation  in  a  coated  wall  cell  can  be  produced  by 
both  and  D2  radiation  simultaneously  in  contrast  with  the 
use  of  a  buffer  gas,  for  which,  at  a  few  cm  pressure,  the  excited 
state  mixing  requires  the  production  of  an  intensity  difference 
between  0i  and  D2  since  they  tend  to  orient  in  opposite  directions 
In  this  case. 
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Under  eome  conditions,  the  rapid  motion  across  the 
cell  of  precesslng  atoms  in  wall  coated  cells  results  in  averaging 
out  magnetic  field  inhcmogeneltles  which  would  otherwise  constitute 
a  serious  limitation  to  the  duration  of  a  free  precession  state  be¬ 
fore  dephasing  in  a  buffer  gas  cell. 

The  visual  observation  of  the  6$35  Mc/sec  0  f — >  0 
hyperfine  resonance  in  2"  diameter  wall  coated  cells  with  widths  of 
60-80  cps  certainly  shows  the  effectiveness  of  the  Dicke  method  of 
Doppler  reduction  idien  the  atoms  are  confined  to  a  region  whose 
extent  is  on  the  order  of  a  wavelength.  Instnmentatlon  difficulties 
described  in  Section  IV  make  it  difficult  to  say  what  is  the  con¬ 
tribution  to  the  width  from  wall  collisions. 

There  was  found  to  be  a  negative  pressure  shift  for 
the  0  0  resonance  of  several  kc/sec  for  the  wall  coatings,  it 

being  difficult  to  attribute  specific  values  to  the  several  materi¬ 
als  because  of  a  lack  of  knowledge  of  the  quality  of  the  coatings, 
Ethylchlorosllane  seemed  to  give  the  least  shift,  however.  Be¬ 
cause  of  the  many  fewer  collisions  per  second  with  the  walls  than 
with  buffer  gas  atoms  in  a  buffer  cell,  one  would  expect  the  res¬ 
onance  frequencies  to  be  much  less  sensitive  to  environmental 
changes  such  as  temperature,  although  because  of  eoqperimental  dif¬ 
ficulties  discussed  in  Section  IV  no  real  evidence  was  obtained  to 
suppojrt  this. 

C.  Coherently  Pulsed  Zeeman  Resonance 

The  theoretical  and  experimental  study  of  the  response  of 


optically  oriented  atcans  to  ooherent  pulses  at  the  Larmor  precession 
frequency  formed  a  large  part  of  this  investigation.  The  +  90°, 
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-  90^  sequence  separated  by  a  time  Interval  T  is  essential  In  the 
phase  destruction  me^od  of  detecting  the  0f->0  resonance. 

The  spin  echo  techniques  of  Hahn,  using  a  IdO”  pulse  to 
alleviate  the  dephaslng  action  of  an  Inhomogeneous  magnetic  field 
on  an  assemblage  of  freely  preoessing  atoms  have  been  successively 
employed  on  optically  oriented  vapors  for  the  first  time  in  this 
investigation.  The  extension  of  spin  echo  methods  by  a  series  of 
180°  pulses  as  developed  by  Carr  and  Purcell  to  maintain  free  pre¬ 
cession  phase  relations  in  an  ixihomogeneous  magnetic  field  «dien  the 
atoms  are  diffusing  in  a  medium  has  also  been  used  with  success  In 
the  case  of  a  buffer  gas. 

The  change  In  the  transmitted  intensity  of  <7*'^  light 
following  a  180°  pulse  is  a  measure  of  the  orientation  of  the 
assemblage.  This  technique  has  been  used  to  obtain  relative 
values  of  orientation  for  vapors  in  cells  coated  with  different 
materials,  and  hence  some  measure  of  the  T-j^  relaxation  time,  al¬ 
though  the  relationship  is  non-linear. 

Using  a  weak  beam  of  O' ^  light  in  the  plane  of  free  pre¬ 
cession  induced  by  a  pulse  of  rf,  the  T2  relaxation  time  can  be 
measured  by  observing  the  decay  of  the  modulation  envelope.  A  few 
e]q>eriments  of  this  nature  on  wall  coated  bulbs  were  made  in  collab¬ 
oration  with  P.L.  Bender  of  the  National  Buireau  of  Standaz^ls. 

0.  Pulsed  Optical  Radiation 

This  was  accomplished  satisfactorily  by  turning  on  and 


off  the  discharge  tube  excitation  as  described  in  Section  III  A. 

It  is  desirable  to  do  this  since  the  absorption  of  optical  resonance 
radiation  is  a  potent  relaxing  agent  and  can  contribute  to  the  line 
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breadth  of  the  hyperflne  reeonance  and  to  the  destruction  of  the 
phase  relations  In  a  coherent  superposition  state  produced  by  an 
rf  pulse.  It  is  thus  necessary  to  Interrupt  the  light  absorption 
during  an  Interval  of  free  precession  T  greater  than  several  times 
the  optical  pumping  time  constant  /  (See  Section  III). 

Another  advantage  of  cutting  off  the  light  during  the  sen¬ 
sitive  time  for  the  action  of  the  microwave  hyperflne  resonance  is 
the  avoidance  of  possible  shifts  in  the  hyperflne  resonance  fre¬ 
quency  induced  by  an  asymmetry  in  the  spectral  distribution  of  the 
light,  as  discussed  in  Section  II  D. 

E.  Theoretical  Fomulatlon 

The  manner  of  describing  optical  pumping  presented  in  Sec¬ 
tion  II  A  provides  a  convenient  formalism  in  tdilch  the  effects  of 
several  kinds  of  optical  pumping  acting  simultaneously  is  readily 

assessed. 

The  derivation  of  the  stochastic  equations  from  the 
differential  eq;iatlons  under  certain  conditions  should  be  emphasized, 
since  the  use  of  stochastic  equations  has  sometimes  been  criticized. 

Explicit  Incoirporation  into  the  optical  pumping  formalism 
of  relaxation  based  on  decoupling  of  the  electron  and  nuclear  and 
randcmlzatlon  of  the  electron  spin  is  new,  as  are  the  computer  so¬ 
lutions  for  some  cases  given  in  Appendix  E.  Cne  consequence  of  the 
above  relaxation  assumption  for  ground  state  relaxation  is  a  crossing 
of  some  of  Integral  curves  giving  the  populations  as  a  function  of 
time.  The  esdstence  of  such  effects  coxild  be  looked  for  e^^rlment- 
ally  by  pulsed  resonances  between  states  in  a  strong  magnetic  field 
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to  Investigate  the  reality  of  the  assumption. 

The  use  of  the  density  matrix  formulation,  along 
with  absorption  operators  and  effective  oscillator  strengths^  has 
proved  to  be  a  technique  lending  clarity  to  complex  slt\iatlons. 
Another  powerful  technique  is  the  application  of  rotation  operators 
to  describe  the  effect  of  pulsed  rf  fields. 

F.  Recommendations  for  Further  Research 

A  number  of  directions  for  further  study  are  mentioned  at 
various  points  in  the  preceding  exposition,  particularly  in  Sections 
III,  IV,  and  V.  Some  of  them  are  emphasized  here. 

1.  Using  improved  Instrumentation,  as  discussed  in 
Sections  III  D  and  IV  A  and  IV  B,  more  information 
should  be  obtained  on  hyperflne  line  widths  achiev¬ 
able  with  time  Intervals  of  ^ ICX)  milliseconds  be¬ 
tween  90**  pulses,  which  one  knows  are  possible  from 
T2  measurements.  It  seems  that  approxlfflately  1  cps 
line  widths  should  be  possible. 

2.  The  method  of  coherently  pulsing  ths  microwave  ra¬ 
diation  at  the  beginning  and  end  of  the  active  inter¬ 
val  between  pulses  should  be  investigated  as  a  means 
of  artificially  narrowing  the  line  through  sacrifice 
of  the  large  signal  in  favor  of  selecting  the  longer 
lived  atoms.  Such  a  technique  could  be  used  with  the 
selective  hyperflne  absorption  method  of  detection 
also,  cutting  the  lights  off  to  establish  an  active 
time  interval.  The  signals  would  not  be  as  strong 


but  they  may  be  usable  and  the  possibility  should 
be  experimentally  studied  since  the  difficulties 
with  inhomogeneous  magnetic  fields  and  60  cycle  time 
varying  magnetic  fields  would  not  exist.  The  polar¬ 
ization  bridge  discussed  In  Appendix  B  might  also  be 
used  ae  a  detection  technique  in  connection  with  the 
coherently  pulsed  microwave  resonance. 

Further  studies  of  alkylchlorosllane  wall  coatings 
should  be  made.  Including  another  attempt  to  make 
coatings  from  the  higher  alkyl  groups,  which  may 
have  been  unsuccessful  because  of  poor  technique. 
Measurements  of  relaxation  times  should  be  made 
directly  by  observing  the  decay  after  a  180°  pulse 
on  an  oriented  system  with  a  pulsed  light  source, 
after  the  method  of  Franzen,  but  using  the  electronic 
methods  devised  In  this  investigation.  Circuits  were 
built  for  Just  this  purpose  but  there  was  not  time  to 
use  them.  More  T2  studies  of  the  type  described  should 
be  made  on  the  same  bulbs  at  some  later  time  to  deter¬ 
mine  the  existence  of  long  term  deterioration  of  the 
coatings.  This  also  should  be  done  for  the  hyperflne 
resonance  characteristics:  line  width  and  shift. 

Information  about  the  amount  of  absorption  of 
alkali  atoms  by  the  wall  coatings  could  be  gained  by 
a  radioactive  tracer  e^qjerlment.  Marked  Improvement 
in  the  surfaces  should  result  from  preparing  them 
under  ultra-high  vacuum  conditions  {'^  !(>  m  )  and 
this  should  be  explored. 
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4.  More  computer  solutions  of  the  equations  of  optical 
pumping  dynamics  should  be  obtained  for  various  relax¬ 
ation'  conditions.  Some  useful  relations' would  be  those 
between  the  orlentatldn  and  relaxation  tihte  In  the  ground 
state,  so  as  to  make  the  method  of  180°  pulses  for  meas¬ 
uring  relaxation  times  more  meaningful.  -  The  detailed 
manner  In  »hich  the  populations  change  In  recovering 
from  a  180°  pulse  would  also  be  Interesting. 

-  The  method  of  populating  the  (2,0)  state  In  excess  of 

the  (1,0)  state  by  means  of  iT  ^  optical  pumping  followed 
by  an  rf  pulse  at  the  Larmor  frequency,  or  perhaps  by 
a  cw  field,  should  be  explored  in  relation  to  the  prob¬ 
lem  of  making  an  optically  pumped  alkali  hyperflne  maser, 
in  particular  for  an  atomic  hydrogen  21  cm  maser.  Detailed 
calculations  for  optical  pumping  with  I^jnnanoi  radiation 
In  atomic  hydrogen  should  be  made.  These  are  of  par¬ 
ticular  interest  because  the  interference  terms 
will  dominate,  ae  discussed  in.  Section  II  A  1. 
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APPENDK  ^  SFJJgnTTVii:  HCTEHFINE  ABSORPTION 

Ih  the  IntS'oduetion  (Section  I)  and  in  Section  II  B  2,  this 
method  of  optical  detection  le  briefly  described.  Before  the  method 
was  demonstrated  experimentally,  as  discussed  In  the  Introduction, 
seme  detailed  estimates  of  the  magnitude  of  signals  that  could  be 
expected  were  made  using  an  approximate  treatment.  The  estimates 
Indicated  that  quite  good  signals  could  be  achieved  for  transmission 
monitoring.  The  calculations  were  made  In  such  a  way  that  they  could 
be  applied  to  the  polarization  bridge  desezdbed  In  Appendix  B.  The 

method  used  and  some  numerical  results  are  presented  here. 

!Ihe  complete  problem  of  the  dependence  of  the  spectral  com¬ 
position  of  the  light  on  the  distance  of  penetration  Into  the  cell, 
was  not  solved.  A  population  distribution  In  the  ground  magnetic 
substates  resulting  from  optical  pumping  with  W  polarization  was 
assumed  to  exist  uniformly  throughout  the  cell  (this  assumption 
would  be  quite  realistic  for  pumping  in  a  wall  coated  cell,  as  de¬ 
scribed  in  Section  II  B  2,  and  Is  not  too  unrealistic  if  the  change 
In  intensity  of  the  light  as  It  passes  through  the  cell  Is  not  large.) 

Twice  as  large  an  inverted  population  difference  between  the  m  0 

F 

states  results  from  this  type  of  optical  pumping  as  compared  with 
the  use  of  <r  polarized  light. 

The  ten  hyperflne  components  of  the  D  lines  are  dlspl2iyed  In 
Figures  9(a)  and  9(b)  along  with  their  oscillator  strengths.  The 
effective  oscillator  strengths  introduced  In  Section  II  B  to  describe 
the  absorption  of  light  will  differ  from  the  intrinsic  oscillator 
strengths  in  the  aligned  state  produced  by  the  ^optical  pumping. 


A-2 


Them  states  do  not  contribute  eqiially  for  all  the  ten  lines 

F‘ 

shown^  and  an  equalization  of  their  populations  by  a  microwave 
field  causes  a  selective  hyperflne  absolution  which  changes  the 
overall  transmission  of  the  light.  Furthermore  the  Q*  and  TT 
components  are  affected  differently,  this  being  of  importance  for 
the  action  of  the  polarization  bridge  described  In  Appendix  B. 

The  effect  of  If  pvamplng  with  both  D  lines  In  the  presence 
of  relaxation  had  not  been  calculated  before,  so  an  approximate 
solution  of  the  optical  pumping  equations  given  in  Section  II  A  6 
was  obtained  for  the  case  P  T  =  1,  with  ^  the  completely  uniform 
relaxation  matrix,  by  using  the  stochastic  approach  of  Section  II 
A  7. 

If  one  takes  p  T^  1,  the  differential  equation  beecmes 


Since  the  convergence  of  successive  applications  of  the  stochastic 


matrix  Is  rapid,  we  have  approximated  N 

r". 
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The  effective  f-veluee  before  and  after  reeonan'^e  may  now  be  calculated. 

For  each  frequency,  the  Intenalty  per  unit  frequency  obeys 
the  equation 


-sL  _r  =  —  H  (T  T 

dx 

3 

where  n=number  of  Rb  atoms  per  cm-^ 

X  -  distance  of  penetration  Into  cell 
The  solution  for  a  single  frequency  Is 

r  fx;  =  IJcj  ex//'-x.'5  X  7 


(3) 


-  to 


"  X  e  7 


(4) 


where 


cr  =  —  /£ii  rrcr  j 

o  A  iJ  I  TT*  9  5>. 
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The  other  notation  Is  given  In  Sections  II  A  and  II  B. 

The  transmittance  k  Is  found  by  integrating  over  frequency 

j  L^(o)t/z> 


(5) 


i 


r^r>\  Jv 


Such  Integrals  can  be  evaluated  by  a  series  expeuislon.  We  will 
express  k  In  such  a  way  that  tabulated  values  of  an  integral 
given  by  Ladenburg  smd  Levy  c€ui  be  used.  We  shall  assume 

that  the  incident  line  Is  Gaussian  in  shape  with  a  breadth  cy  J 


considerably  greater  than  ^  .  Then 


=  7r/.7v»  -  e  j\ 

0  0  j 
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Th«  function 

n%  tS(h*ir) 

l8  the  one  tebulated.  If  ^  le  lerge  enough  one  iBagr  neglect  the 
-  u>^ 

change  in  £  **  in  the  above  integral  to  obtain 

AOi  K  S(x-  ^  f-  ) 

-  <*> 

If  more  than  one  absorption  line  occurs  within  the  breadth  of  the 
incident  line,  additimal  tense  of  the  above  form  must  be  subtracted. 

For  the  overlapping  lines  (e,f,g)  and  (h,i,j)  «ie  can  find  the 
total  cross-section  bj  a  graphical  addition  of  Gaussian  shapes  for 
each  line.  An  exact  gra^ical  integration  could  then  be  performed. 
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Only  the  flrat  grapihlc  construction  was  dons^  approximating  the 
result  by  a  Gaussian  line  and  using  the  above  analytical  method 
of  calculation. 

From  a  plot  of  the  function  Kl  xS(n9"x)  one  may  readily 
obtain  the  transmlttances  and  the  changes  in  these  on  resonance 
for  given  values  of  n,  x,  0^  and  . 

There  Is  a  maximum  value  for  n  determined  by  the  hyper- 
fine  line  width  one  wants  and  by  the  Rb-Rb  exchange  cross- 
section  O'  idiloh  determines  the  relaxation  time  T. 


^  V  £ 


/ 

TTT 


(9) 


Now 


T  = 


I 

M  V  cr 


(10) 


so  that 


n  £ 


V  <7“ 


(11) 


For  a  velocity  'VT  corresponding  to  a  teoq^ature  of  298"  K  and  an 

exchange  cross-section  =  io~^^  cm^,  the  imiytmim  estimate 

(1) 

of  earlier  wozic. 


(12) 


The  following  table  gives  values  of  transmlttances  before  and 

after  resonance  for  both  C”  and  77“  polarizations  for  the 
10  ^ 

values  n  =  5xl0  ,x  =  5  cm,  w  =  4. 

The  function  n  o;  xS  (n  x)  exhibits  saturation,  that  Is, 
its  derivative  decreases  monotonlcally  to  zero,  so  that  there  Is  a 


Hyperfine 

Line 


TranamlttAnce  k 


Before 

After 

Resonance 

Resonance 

.948 

.948 

a  1 

.944 

.942 

f  TT 

.794 

.789 

b  / 

1  0“ 

.791 

.788 

.742 

.737 

.735 

.730 

r  ^ 

.775 

.779 

c  ^ 

.800 

.802 

d 

.818 

.818 

.782 

.787 

fV’ 

.593 

.597 

<  1. 

.582 

.589 

fTT 

.632 

.629 

e,f,g  < 

.634 

.629 

( "fr 

.522 

.523 

h,i,J  J 

.522 

.524 

Change  in  Transmit tancee  at  Resonance  Tor  the  Hyperfine  Lines. 
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value  of  n  (i;  X  giving  a  maximum  change  In  the  tranamlttance  k  on 
resonance.  Graphical  analysis  shows  that  the  maximum  is  rather 
broad  and  occurs  for  nT^x/»2. 


Signal  to  Noise  Considerations 

Using  the  value  of  k  and  ^  k  obtained  above  one 
can  calculate  the  signal  expected  in  either  a  transmission  or  a 
scattering  detection  arranipnent.  An  unavoidable  source  of  noise 
is  associated  with  the  random  emission  of  photons  from  the  lamp 
--the  "photon  shot  noise".  • 

If  the  number  of  photons  per  second  passing  through  the 
gas  cell  and  falling  on  k  phtoeathode  is  kl  and  the  quantum  ef¬ 
ficiency  of  the  photo-cathode  is  q,  the  signal  in  the  electron 
stream  coming  off  the  photooathode  is 

Signal  *  q  I  ^  k  electrons  per  second 
Fluctvutlons  in  the  electron  stream  due  to  the  random  arrival  of 
photons  will  contribute  noise  for  a  band  width  of  one  cycle  per 
second  given  by 

Noise  ~  ^/q  k  I  electrons  per  second 


Thus  we  obtain 


S/H-  VT 


(13) 


It  Is  assumed  here  that  the  noise  In  the  dark  current  Is  less  than 
the  photon  shot  noise.  For  Infra-red  sensitive  cathodes  the  dark 
current  Is  high  at  room  tss^erature  because  of  the  low  work  function. 

For  S-1  (Cs  -0-Ag)  cathodes  the  dark  current  at  room  tssqjerature  Is 
10  ^  amp/aa^,  which  for  q»  1/250,  a  value  typical  for  these  cath¬ 
odes,  corresponds  to  a  photon  flux  density  of  'vio^^  photons/sec- cm^ 
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me  absorption  of  an  optical  photon  Interrupts  the  hyperflne 
resonance  so  that  If  one  wishes  lines  no  wider  than  there  Is 
an  upper  limit  to  the  Intensity  of  the  light  source,  given  by 

r  -  (u) 

o 

If  the  spectral  width  of  the  light  source  Is  ,  the  maxlntum  ln> 
tensity  Is  approximately 

T  —  7^^  ^  4  i>  photons/sec-cm^  (15) 

— «  !swcr^  •- 

For  the  values  ^=30  cps,  =10^^  cps,  f  *  1,  (]f- pumping, 

equal  peak  Intensities  of  the  D  lines)  one  obtains  the  value 

>7-  2 

10  photons/sec-cm 

The  preceding  tabulation  shows  that  for  TT  radiation  k  =  0.6  and 
^  k  *  7  X  lO”^.  If  the  effective  area  of  the  gas  coll  Is^dO^  cm^ 
one  finds  for  this  maximum  Intensity 

S/N  5  X  10^ 

This  figure  could  be  Improved  still  further  by  filtering  of  the 
hyperflne  components  before  they  aure  Incident  on  the  gas  cell.  An 
estimate  can  be  obtained  f  ran  the  table  but  a  more  accurate  calcxila- 
tlon  requires  a  knowledge  of  the  equilibrium  distribution  N  under 
the  Influence  of  hyperflne  pumping  iidilch  can  be  obtained  as  described 
In  Section  II. 

Of  course  there  will  be  sources  of  correlated  noise  depending 


on  the  method  of  exciting  the  light  source,  which  are  difficult  to 
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estimate,  and  the  subsequent  amplifiers  will  Introduce  some  noise, 

but  the  above  analysis  yields  a  feeling  for  the  Ideal  performance. 

As  mentioned  In  the  Introduction  an  excellent  filter  cell 

relies  on  a  shift  In  the  hyperflne  components  of  Rb^^  as  compared 
87 

with  Rb  .  This  Is  shown  In  Figure  2k  which  Is  adapted  from  work 
of  Kopfermann  and  Kr^er  on  the  optical  hyperflne  splittings 

and  uses  hyperflne  splittings  measured  by  Rabl  and  Senltzky^*^^^ 
using  atcmlc  beam  and  resonance  techniques.  Ths  figure  Is  approx¬ 
imately  to  scale  for  both  frequencies  and  oscillator  strengths 
and  displays  the  absorption  Doppler  width.  Figures  9  (a)  and  9  (b), 
should  be  consulted  also  for  more  details  of  the  hyperflne  com¬ 
ponents.  The  suppression  to  be  expected,  upon  passage  through  a 
Rb^^  cell,  of  the  hyperflne  conqponents  of  Rb^*^  arising  from  the 
F  2  level  with  respect  to  those  arising  from  the  F  *  1  level  Is 
readily  apparent. 

Detailed  numerical  estimates  of  the  signal  to  be  expected 
85 

using  such  a  Rb  filter  cell  were  not  made  since  the  method  was 

not  explored  experimentally  at  Princeton.  Although  other  groups 

have  used  the  technique,  as  discussed  In  the  Introduction,  with 

(19,20) 

considerable  success,  sosm  nuiMrloal  .calculations  should  be 

made  In  order  to  assess  the  eiqjerimental  performance  In  relation 
to  idiat  might  be  Ideally  expected. 

APPENDIX  B  POLARIZATION  BRIDGE 

A  method  of  detecting  optically  the  0f->0  hyperflne  res¬ 
onance  as  a  signal  imposed  on  a  null  background  uses  a  small  prob¬ 
ing  beam  of  light,  linearly  polarized  at  45**  to  the  axis  of  quan¬ 
tization  of  the  system  (taken  here  as  the  z-axls)  which  Is  passed 
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through  a  second  polarizer  oriented  at  90**  to  the  direction  of 

polarization  to  block  the  light  entering  a  photo  detector.  The 

action  of  a  microwave  field  eqviallzing  the  population  of  the  two 

m  =  0  levels  causes  the  TT  and  0~  components  into  \dilch  the  45** 

P 

linearly  polarized  beam  may  be  decomposed  to  be  absorbed  different¬ 
ly.  The  second  polarizer  no  longer  blocks  the  light  and  a  signal 
appears . 

(107) 

An  analysis  using  the  calculus  of  Mueller  to  describe 
the  effect  of  Imperfect  polarizers  and  the  gas  cell  on  the  trans¬ 
mission  of  light  was  carried  out.  It  revealed  the  necessity  of 
cooling  to  dry  Ice  temperatures  the  S-1  photo  cathode  used  for 
detecting  the  rubidium  0  lines  in  order  that  the  dark  current  not 
mask  the  signal.  Even  by  doing  this,  the  analysis  revealed  that 
the  method  was  Inferior  to  the  phase  destruction  technique  Uhlch 
was  therefore  carried  out  In  preference. 

The  manner  of  the  analysis  Is  useful  in  other  situations 
Involving  Imperfect  polarizers  and  will  therefore  be  summarized 
here. 

A  beam  of  light  can  be  described  by  four  parameters,  as  was 

first  done  by  Stokes,  which  give  full  information  on  the  Intensity 

and  state  of  polarization.  In  modem  notation  these  are  linear 

ccmiblnatlons  of  the  elements  of  the  density  matrix,  the  basis  vectors 

for  which  are  two  orthogonal  states  of  polarization.  It  Is  usual 

to  choose  these  basic  vectors  as  TT  and  7"  polarizations,  and  this 

will  be  done  here,  but  CT^  and  T  states  are  often  used.  These 

(108) 


matters  are  discussed  In  many  places  In  the  literature. 
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Stokas  Parametera 


Denaity  Matrix^ 


(2) 


anaamble  average 


Electric  Vector 

where 


£  = 


+  c, 


c,  =  >4, 


e 


Relations  between  descriptions: 


I  =  J'l,  *j\w  - 

Q  =  J°'/  ■  /ii  -  A,  - 

y  =  J°a  ♦/..  •  J  ((ll 

/  ’  ^(fi.  -/'*)  »-?A 


(3) 


(4) 


(5) 


Passage  of  the  beam  of  light  through  many  optical  systems 
can  be  described  as  a  transformation  of  one  sat  of  Stokes  paramstsrs 
into  another  sat.  The  Ifcieller  matrix  of  this  transformation  acts  on 
the  four  Stokes  paramaters  regarded  as  a  four  component  vector  S. 

S'  =  M  S  (6) 

A  polarizer  is  characterized  by  transmlttances  ki  and  k2  in 
two  perpendular  principal  directions  vdiich  are  defined  exactly  as 
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the  transmittance  In  Appendix  A.  There  may  also  be  a  relative 
phase  retardation  ^  betvreen  beams  polarized  in  the  principal 
directions.  If  the  Stokes  parameters  are  defined  with  respect 
to  the  7  and  z  directions,  x  being  the  direction  of  propagation, 
the  Mueller  matrix  ^  (9)  for  a  polarizer  i«hoss  2-axis  has  been 
rotated  by  an  angle  6  from  the  z-axls,  in  a  positive  direction 
about  the  x-axls,  is 

/S  ©  O  \ 


0 


^  y€f^m.,  2,  © 


4-  f  ovvZ  6 

P.4^f  C«;»  2  ^ 


Cv%  2  6 


0 


/ 


where 

S  =  i  (ki  +  k2) 

D  =  i  (k^  -  ka) 

P  =  ^ki  k2 
s2  =  p2  +  1)2 

For  two  identical  polarizers  rotated  by  an  angle  9  with 
respect  to  each  other  the  transmittance  k^  for  unpolarized  light, 
having  Stokes  vector 

‘l 

S=  ° 

^  0 

0 

■  J 


is  given  by 


_  ^  p*"  (L^  2  e 

,  V  i.  •-  (8) 

=  — — t _ L  Ccn,^9  -h 

Z 

The  Land  Polaroid  Compaq  defines 

2  2 

^0®  .  T 

(9) 

^90®‘  ~  ^90®  ^  ^2 

and  one  has 

Jg  “  •  //  0  (10) 

For  go^  extinction  it  is  clearly  desirable  to  have  a  very  small 
value  of  k2> 

The  gas  cell  has  principal  transmlttances  and  k^  ,  and 
one  can  probably  neglect  any  relative  phase  retardation  since  the 
absorption  lines  are  Doppler  broadened,  resulting  in  the  absorption 
taking  place  effectively  always  at  the  center  of  the  natural  line 
idiere  there  is  no  phase  shift.  A  more  careful  analysis  may  reveal 
some  relative  phase  Shift,  but  it  will  be  taken  to  be  zero  for 
the  present  discussion.  The  transmittance  of  the  system  of  gas  cell 
between  nearly  crossed  polarizers  (depiurting  from  this  condition  by 
the  angle  ^  )  for  initially  unpolarized  light  is  given  by  the  1,1 
element  of  the  product  matrix 


The  result  is 


“  L  (^t  “  ^  ^/r  4f.  ^  ^ 


which  becomes  for  small  angles  ^  ,  noting  that 


(12) 


<< 


' r V  ^^.r) )^iK f rv 


Using  the  values  of  ^  and  6  ^ff  resulting  from  saturating 

the  microwave  resonance,  given  in  Appendix  A,  one  may  compute  the 
signal  for  the  case  of  TT  optical  pumping. 

Dry  ice  temperatures  are  sufficient  to  reduce  the  dark  current 
of  an  S-1  cathode (^^9)  from  io~^  amp/cm^  at  room  temperature  of  10"^^ 

2 

amp/cm  and  this  would  be  needed  for  small  angles  ^  ,  as  a  numerical 
analysis  shows. 


APPENDIX  C  ARTIFICIAL  NARROWING  OF  A  RESONANCE  BY  SEPARATED 
COHERENT  PULSES 

Although  the  phase  dlstruction  method  of  optical  detec¬ 
tion  for  the  0<— ^0  hyperfine  resonance  is  well  suited  for  narrowing 
the  resonance  beyond  the  limit  ordinarily  set  by  relaxation  processes, 
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a8  discussed  In  the  Introduction,  Section  I  A,  the  effect  was  not 
actually  demonstrated  experimentally  because  of  some  non-inherent 
experimental  difficulties  and  limitations  of  time,  as  discussed  In 
Sections  III  D  and  IV  B.  For  this  reason,  a  detailed  analysis  of 
the  effect  will  not  be  given. 

(110) 

The  proposal  of  IVofessor  N.F.  Ramsey  to  narrow  atomic 
and  nuclear  beam  resonances  by  using  spatially  separated  oscillatory 
field  regions  to  perform  transitions  by  two  coherently  phased  pulses 
Is  well  known  and  has  been  very  successful  for  atcmlc  beam  fi^equency 
standards.  Line  narrowing  could  also  be  accomplished  by  having 
the  oscillatory  field  act  continuously  for  a  longer  time,  but  In 
atomic  beams  there  are  practical  experimental  difficulties  with 
establishing  a  long  region  of  uniform  do  magnetic  field  and  uniform 
phase  of  the  oscillatory  field. 

When  there  Is  relaxation  during  the  observation  Interval, 
for  exanple  atom-atom  collisions,  which  badly  perturb  the  phase 
of  the  wave-functions  describing  the  two  levels  In  question,  or 
optical  decay  from  the  levels  If  they  are  excited  states  and 
such  transitions  are  possible,  the  resonance  line  width  Is  normal¬ 
ly  detezmined  by  the  characteristic  relaxation  time.  However, 

It  was  pointed  out  by  Professor  R.H.  Dicke  in  unpublished  work  that 
resonances  may  be  narrowed  beyond  the  width  set  by  the  relaxation 
time  by  the  use  of  coherent  pulse  excitation,  at  the  sacrifice  of 
signal  strength.  The  dsmoiatratlon  by  Romer  and  Dicke^^^  that 
lines  can  narrowed  by  Increasing  the  gain  of  an  anq>llfler  to  com¬ 
pensate  for  the  exponential  decay  in  a  signal  following  pulse  ex¬ 
citation  Is  closely  related  to  this  effect.  Recently  an  analysis 
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for  the  case  of  optical  decay  In  an  atomic  beam  has  been  made  by 

(112) 

Professor  Vernon  Hughes. 

One  may  ask  whether  there  is  any  improvement  in  the  ability  to 
locate  the  center  of  a  line,  for  although  it  is  made  narrower,  the 
signal  to  noise  ratio  becomes  poorer.  Ihe  net  result,  in  an  ideal 
situation,  is  indeed  a  loss  as  the  following  analysis  shows,  but  it 
neglects  certain  thlnge  which  will  be  mentioned  below. 

Let  To  be  the  characteristic  relaxation  time.  Then  the  normal 
line  width  is 


/I  . 


(1) 


The  ability  to  locate  the  center  of  the  line  depends  of  the  signal 

strength.  If  there  are  n  electrons  available  during  the  observation 

0 

time,  and  the  nolee  is  purely  from  fluctuatione,  an  effective  line 
width 


(2) 


is  possible. 

For  the  case  of  artificial  narrowing  by  lengthening  the  inter¬ 
val  of  observation  to  T 


A  i'  - 


(3) 


but  the  number  of  electrons  available  decreases  e;q>onentially 

n  =  s-T/To 


(A) 
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so  that  the  effective  line  width  ^T^^becomee 

-LJ-  ^ 

W  T  ^  T 


(5) 


It  is  apparent  that  the  effective  line  width  is  greater  if  T  is 
appreciably  greater  than  T^. 

The  point  to  be  nsade,  however,  is  that  other  experimental 
difficulties  than  purely  statistical  fluctuations  determine  the 
precision  with  vdiich  the  line  center  can  be  measured  in  many  cases 
and  then  it  is  often  desirable  to  sacrifice  a  large  signal  in  favor 
of  a  narrower  line. 

Another  point  to  be  eaphasized  for  resonances  detected  in  a 
bottle  using  the  phase  destruction  tecl-inique  is  that  it  is  not  nec¬ 
essary  to  excite  them  with  two  pulses  sines  the  two  90®  pulses  de¬ 
fine  an  active  time  interval  for  measurements.  The  difficulties 
encountered  in  atomic  beam  devices  concerning  field  and  phase  uni¬ 
formity  mentioned  above  do  not  occur  in  the  gas  cell.  A  factor  of 

approximately  two  can  be  gained  by  such  double  pulse  excitation 

(110) 

however. 


APPENDIX  D  TRANSITION  PROBABILITIES;  STOCHASTIC  PUMPING  AND 
RELAXATION  MATRICES 

In  Section  II  A  3  the  matrix  elements  of  a  vector 
operator  which  are  required  for  the  calculation  of  the  transition 
probabilities  between  hyperfine  magnetic  substates  used  in  com¬ 
puting  optical  pumping  stochastic  matrices  are  e^qjressed  in  terms 
of  the  modern  notation  using  Wigner  3-J  and  6-j  symbols. 
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These  are  given  explicit  form  here  and  their  relation  to  the  more 
usual  notation  of  Condon  and  Shortley  is  indicated. 

The  Wlgner  3-J  synbol  Is  essentially  the  VUgner  vector  coup¬ 
ling  coefficient,  or  Glebsch-Gordon  coeffle'lsdt^  Which  eervetf  to 'give 
the  appropriate  linear  combination  of  the  direct  product  >rave  func¬ 
tions  of  two  definite  angular  momentuni  states  in  order  that  the 
linear  ccsnblnatlon  have  a  definite  angular  momentum,  angular  momenta 
and  giving  rise  to  resultant  momenta  7’4”7' V‘  • 
More  sytmetry  is  Introduced  by  the  definition 


/  F  ^  F'  \  =  f-)  c  r 


(1) 


where  the  symbol  ,  is  the  one  used  by  Wigner  for  the 

P  hi 

Clebsch-Gordon  coefficient . 

The  6-J  symbol  is  closely  related  to  the  equations  (8)  of 
3 

paragraph  11  of  Condon  and  Shoirtley  for  the  induced  matrix  ele¬ 
ments  appearing  in  their  equations  (11)  of  paragraph  9^  for  matrix 
elements  of  a  "class  T"  operator,  which  is  essentially  a  vector 
operator.  Among  the  important  symmetries  posessed  by  the  6-J  sym¬ 
bols  are  these: 

1)  The  value  is  unchanged  by  the  interchauige  of  any  two 

columns 

2)  The  value  is  unchanged  by  inverting  any  two  columns 

simultaneously 

These  properties  nake  it  possible  to  reduce  any  of  the  6-J  symbols 
occuring  in  the  calculation  of  the  above  matrix  elements  to  one  of 


4 


% 
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four  standard  forma  which  are  given  by  Wigner^^^^^  and  reproduced 
here:  (J  =  Ji  +  J2  +  Jin  these  eaqpressions ) 

- '  s  [  cv;  ('-?/; '  ofy, 


'4 


'4 


7'/' 

7'  '  /' 
'A  /  /■ 


=( -J *  7]^ 

/a/,  (2^:ii)(2^:  V  /  V 

,/./  A  7- 7 -77/ A  A  -/;c/  ^ 

t/.  Uf. '  '7-7  '7 /,  7/, '  ')(p. 


ff  I ) 

The  Vligner  vector  coupling  coefficients  S  ,  are  given  below: 

F  m  ff" 


-  / 

_ q_ _ 

% 

1 

f -/ 

•ilff  .#  f  - 

■ 

f(F  ->*iJ(F  -  -  1 ) 

V  J  F-  (2  F  ^  f ) 

\1  r(2r->  f) 

I  2F  (r-t  ,} 

in 

_j[f  ')(F 

1  2  F  [F  *^1) 

\F{F*i) 

F^l 

-**•*1) 

llfF  *  ••>  f  l)(F  *^  **'•  *  2  ) 

jf  (2Fif){zr  *2) 

1 

il(ZF4,)(F  n) 

\(2  F  ^•)(2  F  i2) 
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The  equations  (11)  In  paragraph  9^  of  Condon  and  Shortley 

give  only  the  numerators  of  the  above  table  which  differ  by  a  factor 

]l  Z  when  account  is  taken  of  the  use  of  the  standard  elements  of 

ir) 

the  vector  operator  as  given  in  Section  II  A  3>  The  denomina¬ 

tors  of  the  above  Table  must  be  used  with  the  6-J  symbols  to  obtain 
agreement  with  the  Condon  and  Shortley  formulation. 

The  sum  z*ules  given  in  Section  II  A  3  follow  from  the  fact 
that  the  Clebsch-Gordon  coefficients  are  the  elements  of  a  unitary 
matrix,  which  Is  actually  an  orthogonal  matrix  since  they  are  real. 
This  requires  that 


Z( 


IPI) 


F  h*(r  )yi  r 


y  -  / 


tti 

J 


(3) 


or 


c)‘- 

hi  <r 


I 

7  F'  f  I 


(4) 


are 


Some  useful  synmetrles  processed  by  the  Wigner  3-J  symbols 
(113) 


1)  A  cyclic  permutation  of  entries  (columns)  does  not  change 

the  value 

p  T  p  I 

2)  A  non-cyclic  permutation  introduces  the  factor  (-1) 

3)  a)  Raising  an  index  m  changes  the  sign  of  m  and  in- 

troduced  the  factor  (-1) 

b)  Lowering  an  index  m  changes  the  sign  of  m  and  intro- 

F  +  m 


duces  the  factor  (-1) 
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e.g. 

(a) 

(f”^,  l"^,  F’®'  ) 

(F^,  1 

(b) 

(F  ,  1^,  F'  ) 
m  m' 

=  (-1)^ 

(F-®, 

The  sum  rule 


(T 

} 


-m’ 


>  F’m' 


) 

) 


requires  the  sum 

r 

This  Is  eeslly  put  into  the  form  in  which  the  sum  can  be  made  over 
the  first  two  indices,  whose  value  Is  known  from  the  orthogonality 
relations^  by  using  the  above  synmetrles,  noting  that  the  sign  of 
the  3-j  sjfBibola  do  not  matter  since  they  appear  squared  and  that 
the  sign  of  an  index  which  is  sunned  over  both  positive  and  neg¬ 
ative  values  also  does  not  matter.  Thus 


(7) 


/h'  ^ 


/ 


2  F  I 

A  similar  argument  yields  the  second  sun  rule 


It-;" 


^T{f~rF'X~ 


I 

I 

I 

3 


(8) 


These  are  the  sums  for  the  transitions  between  a  state  F 
and  a  state  F'.  If  all  accessible  values  of  F*  are  included  the 
sum  rule  which  follows  from  the  orthogonality  of  the  6-J  symbol 
is  needed^^^^^ 
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Z  F  4  I 
ZJ  4  I 


(9) 


The  relative  transition  probabilities  T  de- 

ik 

fined  in  Section  II  A  3  are  displayed  in  the  following  tables 
(Table  5  and  Table  6  )  for  rubidium  87.  The  normalization  chosen 
for  these  tables  is  conveniently  e3q;>ressed  in  terms  of  the  sum 
rules  of  Section  II  A  3  as  follows: 


Transitions: 


for  each  0*  =  -1,  0,  +1  (10) 

for  each  i  =  1,  2 . 8  (11) 


The  second  sum  can  be  broken  down  in  terms  of  the  A^^  intro¬ 
duced  in  Sections  II  A  6  and  II  B  3 


D2  Transitions: 


for  each  CT  =  -1,0, +1 


for  each  i  “  1 , 2 , . , 8 


(12) 

(13) 

(14) 

(15) 

(16) 
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(17) 

(18) 

(19) 

The  stochastic  natrlcss  used  to  describe  the  optical  pump¬ 
ing  process,  constructed  from  the  transition  probabllltiee  as  de¬ 
scribed  in  Section  II  A  3,  are  given  in  Tables  7  through  12  Toro^^, 

TT  ,  end  (T  pumping,  along  with  the  diagonal  elements  of  the  absorp¬ 
tion  matrix  for  ^  inimplng. 

Tables  13  and  14  give  the  stochastic  relaxation  matrices  R 
which  result  from  the  randomisation  of  the  electronic  angular  momentum 
leaving  the  nuclear  spin  'inaffected.  The7  masr  be  computed  b7  using 
the  Migner  vector  ooniing  coefficients  (Clebsch-Qordon  coefficients). 
The  calculations  were  carried  out  b7  John  McLeod  at  Princeton. 


This  breaks  down  into 


T  D2 

I  J*  -‘-"*1 

A. 


TABLE  6.  TRANSITION  PROBABILITIES  TO  *P  s 


^  •  •  T"  *  • 


TABLE  7.  STOCHASTIC  MATRIX  FOR  PUMPING  WITH  0,  RADIATION 


TABLE  8.  STOCHASTIC  MATRIX  FOR  or+  PUMPING  WITH  Dg  RADIATION 


I.-I  1.0  l.l  2,-2  2.-I  2.0  2,  I  2.2 
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12  3  12 


8  6 
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APPENDIX  E  OPTICAL  PUMPING  EQUATIONS;  DIGITAL  COMPUTER  SOLUTIONS 

The  equations  given  In  Section  II  A  6  are  only  approximate  In 
that  the  excited  state  populations  are  neglected.  Also  they  are 
written  for  the  population  vector  N  (i.e.  the  diagonal  elements  of 
the  density  matrix)  rather  than  for  the  actual  particle  density  vector 
n  N  where  n  is  the  number  of  atoms  per  cm^  in  the  ground  state.  A 
set  of  two  coupled  equations  are  presented  here  for  the  vectors  n  N 
and  n'N'j  where  the  primes  denote  the  corresponding  quantities  in 
the  excited  state.  The  explicit  conditions  under  which  these  reduce 
to  equation {17)  given  in  Section  II  A  6  are  pointed  out.  That  equa¬ 
tion  was  derived  by  adding  a  rate  to  the  basic  transition  probabilities 

resulting  from  treating  the  resonance  fluorescence  as  a  single  pro¬ 
fs)  (25) 

cess,  as  done  by  Hawkins  and  Dicke/^^  following  Heltler,.  when 
the  interference  terns  in  the  excited  state  are  neglected.  The 
equations  given  here  treat  the  resonance  fluorescence  as  a  process 
of  absorption  and  subsequent  emission,  treating  the  absorption  as 
an  incoherent  process. 

The  absorption,  induced  emission,  and  spontaneous  decay  terms 
will  be  sepsurately  included.  For  the  ground  state  populations  one 
obtains 


Absorption 


4Wcr  Sp-T  J 

A 

•h  Y  t'^  ’ 

X  ' 


Induced  Qnission  (1) 


Spontaneous  Qnlsslon 
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i^ere 

80  that 


^  -  z  ^ 


Z  T, 
/»•»  ^ 


r<r*) 


(2) 


is  a  stochastic  matrix.  Except  for  the  spontaneous  decay  time 
X.' ,  which  Is  defined  below,  the  other  notation  Is  as  given  In 
Section  II,  except  that  is  here  taken  as 

Tf'  =  KU  r'->lti)r 

I  h 

^  f-')  _  {x  1-  ^y)/^ 


with 


I 


^  (r -Ti'y)/iri 

For  the  excited  states  populations  the  analogous  equation  Is 


A(h!^j‘)  =  Pumping 

^  ±  /  *  K  ih 


Jt 


a  L 
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-‘TTC'"  dmSlTH'Aj  Induced  Emission  (3) 

•  X  L  *  <  V 


- 

T' 


Spontaneous  Enisslon 


vrtiere 


•  Z 


(r) 


*> 


The  quantity  is  the  Einstein  A  coefficient.  As  was  first 

7116) 

shown  by  Ladenburg,  the  A  coefficient  is  related  to  the  oscil¬ 


lator  strength  by  the  equation 


where  Is  the  decay  constant  for  a  radiation  damped  classical 
dipole  oscillator 


^  =  7  -  4  -  lo’^ 

^0  J  >»1  C* 


(5) 


Since 


a u.  y 


(6) 


we  obtain 


) 

r' 


J 

I 

V. 

7 


(7) 


The  Induced  eodselon  term  will  be  negligible  with  respect 


to  the  other  two  terms  undw  most  excitation  conditions,  so  that 


In  the  steady  state 


One  may  substitute  this  Into  the  spontaneous  emission  term  In  the 
equation  for  ground  state  populations  to  yield 
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This  term  is  ccnipletely  equivalent  to 

.I//,- 


(10) 


where 


?  L.  V 


J? 


(11) 


and 


with 


7 


A"'  -  Z  ^:' 


(12) 


(13) 


This  can  be  seen  by  summing  each  expression  on  J  to  yield 


z  *  ^  ^ 


r  V  f  <r  ) 


=  7rcr  r 


(W) 


’/ 


_  I  ^  -  T 

It  is  convenient  (and  experimentally  realistic)  to  let 

e  e 

the  same  for  all  transitions  of  the  (  <^  )  type 
then 

2  N,  2'‘  =  -  f-  ^7' 

,  c  \ 

^  r  rr; 


^  J /I/.  A 


=  r  "’  ^cc  £ 


(15) 
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.?>»»**>  Y  /j 
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trhere  the  definition 


X  a'"‘  =  A"‘ 

-^0  ±  » 


was  used. 
Then 


? 


(16) 


(17) 


(18) 


Using  these  last  results  and  definitions,  the  absorption  term  in  the 
ground  state  equation  becomes 


With  neglect  of  the  induced  onlsslon  term  Involving  n',  the  ground 
state  equation  becomes 


dt 


(.N^) 


N. 


r. 


(T) 

V' 


(19) 


as  given  in  Section  II  A  6. 

That  n'/i^  1b  indeed  small 
(8)  on  k 


can  be  seen  by  summing  equation 


(20) 
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p 

Vlhere  /  is  defined  by 


n 


Thus 


TTCr 


Since 


r'^<  (r 


t*')  \ 


one  has  n'/n  <  ^  1. 


(21) 


(22) 


In  vector  form  one  may  write  equation  (8)  as 

h' 

'  '  '  • 

r' 

(»•> 

where  ^  Is  the  matrix  with  elements  . 

Using  equation  (20)  one  has 

r'  N'  -  i. 

t-ff 


(23) 


(24) 


Relaxation  terms  could  be  Included  In  the  equations  given 
here  exactly  as  done  In  Section  II  A  6  by  Introducing  relaxation 
stochastic  matrices  and  characteristic  times.  For  example,  col¬ 
lisions  In  the  excited  state  would  require  a  term 

which  should  be  retained  along  with  the  pumping  term  and  the 
spontaneous  emission  term.  Since  Is  stochastic,  the  relation 
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between  n  and  n'  ae  expreeaed  In  equation  (20)  la  not  affected. 
The  relation  (23)  between  N  and  N'  la  changed  and  beoomea 


The  apontaneoua  decay  term  In  the  ground  atate  equation  becomea 
In  vector  form 


7"  “  Z- 

T' 

which  becomea,  In  terma  of  N 

Zr-' 

T"  * 

If  one  defines 


(27) 


(28) 


(29) 


then 


f 


r 


(30) 


and  one  needa  to  conalder  the  matrix 


-fH] 


~/ 


(31) 


If  ^  la  the  completely  uniform  atochaatlc  relaxation  matrix 

2 

with  elementa  =  conat.  (conat.  =  1/8  for  atates  and  l/l6  for 
^^3/2  atatea) 
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Then 


*  -t-  R 

f  ^ 


(32) 


since  R  =  R. 

llie  spontaneous  emission  term  novr  separates  into  a  sum  of 
two  terms 

^  ^  ]  (33) 


The  matrices 


^  T-rr-'  =  A’-I 


(^1  p  {Tl 


(34) 


^  »- 
9 


and 


(r)  o  (^) 


j-  T'”R7  r”"'  =•  A  T 


(35) 


are  Just  those  Introduced  in  Section  II  A  4>  to  describe  relaxation 
effects.  If  ^  is  not  uniform,  R  7^  R  and  such  a  simple  decomp¬ 
osition  is  not  possible,  but  the  rapid  convergence  of  higher  powers 
of  R  can  be  utilized. 

Mm 

'nie  density  matrix  describing  the  Intensity  and  polarization 
of  the  emitted  light  as  a  function  of  angle  can  be  readily  obtained 
as  a  weighted  sum  of  the  density  matrices  ^  given  in  Section  II 
A  3-  The  number  of  photons  per  second  emitted  in  a  transition  of 
the  type  (  (T  )  is 


(36) 
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Each  of  these  transltlona  gives  rise  to  a  photon  described  by  the 

^  )  t 

density  matrix  ^  .  The  resulting  density  matrix  (times  the 

Intensity)  Is 


(37) 


>dilch  may  be  simplified  by  defining  an  effective  oscillator  strength 


then 


c ' 

4  -  '■■'-•ZC#'" 


As  In  the  ground  state,  one  can  write 


/ 
f-r/ 


/  (T\ 


.  f_ 


l<''r 


(39) 


and  express  this  In  terms  of  a  density  matrix  ^  for  the  excited 

f  ^  i 

state  and  an  operator  A' 


^  77^' A 


'  ( <r} 


(40) 


a'^*^’  can  be  expressed  In  terms  of  the  angular  momentum  F'  and  a 
change  In  the  direction  of  the  axis  of  quantization  can  be  handled 
as  described  In  Section  II  B  3.  Excited  state  resonances  could  then 
be  described  conveniently  as  rotations  of  higher  spin  systems,  which 

f ' 

will  lead  to  variations  of  with  time  and  a  consequent  mod¬ 

ulation  of  the  scattered  light  whose  dep>endence  on  direction  and 
polarization  is  given  by  equation  (38).  The  e^qjeriments  of  Series^^^'^^ 
on  "light  beats"  seem  to  be  closely  related  to  this  effect. 
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Re-radlatlon  of  the  light  Into  a  cone  around  the  forward  direction 
can  contribute  to  the  tranamieeion  detection  signal  if  the  acceptance 
angle  of  the  optical  arrangement  following  the  gas  cell  is  large.  The 
foregoing  analjrele  affords  a  means  of  calculating  this  effect,  but  no 
numerical  estimates  have  been  made  for  the  geometries  of  the  present 
escperiment.  Experimentally,  the  difference  between  a  small  and  a  large 
collecting  cone  can  be  seen  by  ccanparlng  the  response  to  rf  pulses  in 
the  two  cases.  Figure  18(a)  was  taken  with  a  small  acceptance  angle 
and  the  top  of  the  pulse  is  quite  shaz*p.  The  response  to  pulses  in 
Figures  21  through  23  were  obtained  with  a  large  collecting  cone  and 
they  display  a  rounded  top.  This  is  just  what  one  e:qpects  from  a  quali¬ 
tative  analysis.  It  is  possible  that  such  effects  contributed  to  the 
small  signals  obtained  with  pure  pumping  and  detection  mentioned  in 
Section  IV  D  2,  for  the  acceptance  cone  was  large  in  those  experiments. 

Application  of  the  foregoing  analysis  to  an  ejqperiment  in  idilch 
light  is  collected  in  several  directions  and  polarizations  simultaneously 
to  provide  a  number  of  signals  could  be  e^qpected  to  lead  to  a  more 
detailed  understanding  of  the  dynamics  of  optical  pumping.  The  analogy 
with  the  scattering  experiments  of  nuclear  physics  is  very  suggestive 
for  Interesting  Investigations. 
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Digital  Computer  Solutlone 

A  program  for  numerical  Integration  of  the  eight  eimultaneoue 
first  order  differential  equations  describing  the  time  development 
of  the  gro\ind  state  populations  for  rubidium  87  was  prepared  for  an 
IBK  650  digital  computer,  by  adapting  an  existing  program  to  provide 
solutions  for  any  set  of  values  for  the  four  parameters  (  x, ,  qi,  q2) 


=  fraction  of  pumping 

^  ”  P  T 

==  ratio  of  characteristic  pump¬ 
ing  time  to  characteristic 

ground  state  relaxation  time 

a  **  ■  —  inhere  v'  -  excited  state 

T  f  7”  decay  time 

T'=  excited  state 
relaxation  time 

as  defined  in  Section  II  A  8  for  CT  ^  pumping.  A  program  for 
automatic  plotting  of  the  solutions  was  written  for  use  with  a 
digital  plotting  board  at  the  Forrestal  Research  Center.  Most  of 
the  programming  was  done  by  Mr.  Robert  Puller.  The  solutions  pre¬ 
dicting  crossing  of  the  populations  were  obtained  by  Mr.  Michael 
Menke. 

Particular  interest  centered  in  pure  D2  (T*  pumping  under 
varloxis  relaxation  conditions,  partial  mixing  In  the  excited  states, 
the  effect  of  the  non-uniform  relaxation  stochastic  matrix  obtained 
from  randcxnizing  electronic  states,  and  combined  and  Dg  pumping. 
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The  integral  curves  are  presented  in  the  following  Figures  25 
throtigh  31.  The  numbering  of  states  is  that  given  in  Section  II 
A  2. 

Ihe  curves  for  pumping  should  be  compared  with  those 

obtained  byFranzen  and  Ehislie.^^^^ 

Attention  should  be  called  to: 

1)  The  prediction  of  the  crossing  of  popiilations  of  the  (1,1) 
and  (2,1)  states  for  (T^  pumping  when  the  electron  relax¬ 
ation  matrix  is  used.  This  coxild  be  checked  by  using  pulse 
techniques  to  Invert  the  populations  for  various  delay  times, 
observing  vdiether  the  optical  absorption  signal  changes  sign. 


2)  The  populating  of  state  (1,1)  above  that  of  states  (2,2) 
and  (2,-2)  for  D2  0“'^  pumping  with  r^=T'  is  interesting. 
For  T'  =  state  (2,2)  dominates  while  for  T*  =  0, 

state  (2,-2)  dominates. 


3)  The  orientation  with  combined  auid  pumping  with  no 

excited  state  relaxation  (wall  coated  bulb)  is  about  the 
same  as  that  for  pure  g-  +  pumping  with  no  excited 
state  relaxation  although  it  is  achieved  more  rapidly. 

This  is  shown  by  comijarison  with  curves  obtained  by  Franzen  and 
Qnslie  (Second  Quarterly  Report  under  Contract  No.  DA-36- 
039  SC  731A3  with  the  U.S.  Army  Signal  Research  and 
Development  Laboratory,  July,  1957)  for  the  case  1/  f  T  =  1. 

One  difference  is  the  ccsnputed  populations  is  the  two 
situations  is  that  for  ^  ^  pumping  while 

N  N  for  combined  D  and  D  0"^  pumping. 
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The  orientation  predicted  for  CT  pumping  when 
electron  relaxation  is  aeaumad  (Fig.  25)  ie  much  larger 
than  that  predicted  by  Franzen  and  Ehielie  aeeuming  uniform 


relaxation. 
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FIG.  26 
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ERRATA 


Page  11-45,  line  17:  The  word  "lends"  should  be  changed  to  !'leads. " 

111-4,  line  26:  The  word  "on"  should  be  changed  to  "as." 

111-8,  line  2:  The  word  "dehydrogen"  should  be  changed  to  "dihydrogen." 

line  22;  The  words  "a  little"  should  be  changed  to  "as  little." 
111-30,  line  16:  The  word  "presented"  should  be  changed  to  "prevented." 

III- 45,  line  7:  The  word  "forused"  should  be  changed  to  "focused." 

IV- 6,  lines  4  &  11:  The  illegible  symbol  should  be  *1^. 


line 

"0: 

The  word  "while"  should  be  inserted  between  the  words 
"resonance"  and  "using." 

lV-11, 

line 

27; 

The  words  "the  under"  should  be  transposed. 

lV-12, 

line 

23; 

The  word  "of"  should  be  changed  to  "by"  in  the  phrase 
"...light  of  an  oriented..." 

V-2, 

line 

19; 

The  word  "by"  should  be  deleted. 

V-5, 

line 

20; 

The  word  "spins"  should  be  inserted  between  "nuclear" 
and  "and." 

line 

24: 

The  word  "the"  should  be  inserted  between  the  words  "of" 
and  "integral." 

V-6, 

line 

25; 

The  words  "optical  pumping"  should  be  inserted  before 
the  word  "lights." 

A-6 , 

1  ine 

11; 

The  word  "phtocathode"  should  be  changed  to  "photocathode. 

B-5, 

line 

12; 

The  words  "of  10“^®"  should  be  replaced  by  "to  10”^®." 

C-1, 

line 

25: 

The  word  "be"  should  be  inserted  before  the  word  "narrowed 

D-4, 

1  ine 

19: 

A  comma  should  be  inserted  after  the  word  "included." 
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